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SUMMARY 


The  Pulse  Reactor  Engine  Program  is  aimed  at  developing  efficient, 

high  performance  lift-propulsion  systems  that  have  no  moving  parts.  The 

\ 

Pulse  Reactor  engine  is  unique  in  that  it  re,1ects  foreign  particles  that 
are  denser  than  air;  therefore,  it  can  operate  in  the  interface  between 
ground  and  air  that  is  denied  to  other  aircraft  lift-propulsion  ^sterns. 

In  particular,  development  has  been  concerned  with  the  performance  effects 
of  (1)  engine  size,  (2)  new  shapes,  (3)  forward  flight  and  vertical  flight 
performance,  (1;)  engine  controls  and  accessories,  (5)  pulse  reactor 
materials,  construction  techniques  and  engine  durability.  , 

Pulse  Reactors  of  various  sizes  have  been  constructed  and  tested  to 
determine  the  thrust/volvune  ratio  versus  engine  size  relationship.  Com¬ 
bustor  thrust/volume  ratio  varied  from  60  Ib/ft^  for  the  HS-IB  9.1"  dia- 
meter  combustor  to  150  Ib/ft^  for  the  HC-1  miniature  combustor  of  2.5" 
diameter.  Improvements  in  the  fuel  injection  system  and  combustor  shell 
geometry  applied  to  a  5.25"  diameter  combustor,  designated  HH(5.25!\)“5> 
resulted  in  a  thrust/volume  of  120  Ib/ft"^,  a  50^  increase  above  that  of 
previous  5.25"  diameter  combustors.  When  combined  with  the  high  perform¬ 
ance  intermittent  jet  thrust  augmenters,  this  configuration  produced  lli? 
lb  thrust  with  a  thrust- specific  fuel  consumption  (Tsfc)  of  less  than 
0,9  pph/lb  thrust.  A  thrust-to-weight  ratio  of  10  is  judged  to  be  feas¬ 
ible  at  the  current  state  of  the  art,  based  on  component  weight.  Typical 
downwash  jet  velocities  and  temperatures  are  200  ft/sec  and  200°F, 

The  Pulse  Reactor  may  be  bent  into  a  variety  of  shapes  and  configiu'- 
ations  with  little  effect  on  performance  if  the  internal  surfaces  remain 
fairly  smooth  and  continuous  and  if  the  bends  are  not  too  sharp,  A 
program  for  preliminary  investigation  of  new  Pulse  Reactor  shapes  has  been 
conducted  under  subcontract  by  SNRCMA,  the  French  jet  engine  company,  to 
indicate  the  potential  of  essentially  horizontal  combustor  tubes  with 
short-coupled  turns  to  provide  vertical  jet  combinations  of  multiple 


inlets  and  tailpipes,  or  modified  Heltnholtz  resonators  near  the  tail¬ 
pipe  exits. 

The  combustor  shell  durability  problem  is  concerned  with  temper¬ 
atures  ranging  as  high  as  1850°F  and  cyclic  pressures  nominally  in  the 
range  of  -5  psig  to  +30  psig  at  operating  frequencies  of  about  120  cps. 
Shell  construction  using  thin  (0.010”  to  0.018”)  Haynes  25  alloy  (L-605) 
with  circular  circumferential  stiffeners  attached  by  furnace  brazing  has 
been  investigated.  No  cooling  by  shrouding  and  ejector  pumping  is  re¬ 
quired  in  this  approach.  Over  5l  hours  of  operation  have  been  performed 
with  a  pair  of  lightweight  combustors  which  were  constructed  of  0.017** 
thick  Haynes  25  alloy,  with  circular  circumferential  stiffening  rings. 

The  best  thrust- to-weight  ratio  of  this  combustor  type  (including  fuel 
nozzles,  manifold,  igniter,  attachments)  was  76  lb  thrust/11.0  lb  st  ■  6.9» 
Recommended  re-design  as  a  result  of  the  50-hour  durability  tests  would 
reduce  the  number,  size  and  weight  of  the  stiffening  rings  and  also  re¬ 
place  much  of  the  tailpipe  with  thinner  (0.010”)  material.  Thrust/weight 
ratios  as  high  as  12  to  1  for  the  separate  augmenter  component,  along 
with  excellent  durability,  have  been  achieved  with  augmenters  of  sandwich 
construction  using  fiberglas  skins,  and  cores  of  honeycomb  (fiberglas  or 
aluminum),  "Multiwave”  (aluminum)  and  polyurethane  foam. 

A  Pulse  Reactor  control  system  has  been  designed  which  includes 
features  such  as  an  automatic  starting  sequence,  false-start  sensor, 

"Blow- torching”  limiter,  and  automatic  re-start  sequence. 

Forward  speed  performance  tests  with  both  unshrouded  and  shrouded 
engines  have  been  conducted  with  a  trailer  test  rig  which  has  been  towed 
on  the  airstrip  at  Moffett  Field  at  airspeeds  up  to  63  knots .  Engine 
internal  performance  Indications,  based  on  measurement  of  average  com¬ 
bustion  chamber  pressure,  as  well  as  preliminary  measurements  of  lift  and 
drag,  showed  continued  Improvement  up  to  these  maximum  speeds  tested. 

The  initial  HH-5.25-7  combustor  configuration  used  in  trailer  speed 
tests  had  a  tendency  toward  unexpected  flameouts,  but  this  was  essential¬ 
ly  corrected  with  the  later  HH-5.25-7  combustor  configuration. 
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1.  INTRODUCTION 


From  November  I96I  to  date,  the  Advanced  Research  Division  of 
Hiller  Aircraft  Company  has  been  developing  a  lift-propu3.sion  engine, 
called  the  Pulse  Reactor,  under  Bureau  of  Naval  Weapons  Contract 
NOw  6I-O226-C,  This  work  is  a  continuation  of  the  work  done  previously 
under  Contract  N0a(s)59-6055“C  (Ref,  1,  Hiller  Report  No.  ARD-256), 

1.1  ^e  Pulse  Reactor  Concept 

Development  of  VTOL  aircraft  over  the  past  20  years,  from 
helicopters  to  tilt-wings,  to  pure  jet  VTOL,  has  resulted  in  a 
trend  of  higher  disk  loading  and  greater  installed  power.  Fol¬ 
lowing  this  upward  trend  are  increased  complexity  and  cost  of 
the  lift-propulsion  system,  and  increased  susceptibility  to  field 
environmental  hazards.  The  Pulse  Reactor  lift-propulsion  system 
sharply  reverses  these  rising  trends  yet  provides  hovering  per¬ 
formance  which  is  competitive  with  that  of  tiurbojets.  At  this 
early  stage  of  development,  the  Philse  Reactor  lift  engine  has 
demonstrated  a  thrust-specific  fuel  consumption  of  better  than 
1.0  pph/Lb  and  a  thrust- to-weight  ratio  of  10  is  feasible  at  the 
current  state  of  the  art,  based  on  component  weight,  and  with  down- 
wash  temperatures  of  only  200^F  and  velocities  in  the  order  of  200 
ft/sec,  in  contrast  wj.th  a  temperature  of  750°F  and  a  velocity  of 
1,000  ft/sec  for  a  typical  turbojet.  Furthermore,  the  Pulse 
Reactor  simply  refuses  to  ingest  heavier- than-air  particles,  a  vitally 
important  consideration  when  operating  over  unprepared  surfaces . 

To  fiurther  complement  these  characteristics  is  the  basic  simplic¬ 
ity  of  the  Pulse  Reactor.  Since  it  has  no  moving  parts,  consisting 
mainly  of  three  simple  tubes,  (a  combustor  and  two  thrust  aug- 
menters)  it  permits  low  cost  development,  rroduction,  maintenance 
and  high  reliability. 

1.1.1  Rilse  Reactor  Def  j  •■itions 

In  order  to  describe  the  Pulse  Reactor  and  the  develop¬ 
ment  progress  made  to  date,  it  is  necessary  that  the  following 
terms  be  defined; 

U.  S.  Army  support  (TRBCOM)  added  under  C.N,  7763-61 


(1)  ooabustor  —  a  valveless  open-ended  tube  with  inter¬ 
mittent  efflxix  from  both  ends.  The  tube  may  be  bent 
into  a  variety  of  configurations,  the  most  common 
being  a  U-shapej 

(2)  combustion  chaaber  —  that  portion  of  fhe  combustor 
in  which  ignition  and  combustion  oc 

(3)  tailpipe  c-  exhaust  —  the  longest  p»—  ion  of  the  com¬ 
bustor  exclusive  of  combustion  chamber.  The  largest 
portion  of  the  combustion  gases  are  exhausted  throtigh 
the  tailpipe,  producing  approximately  60%  of  the  com¬ 
bustor  thrust.  There  is  also  considerable  cyclic  re¬ 
verse  flow  of  fresh  air  back  into  the  tailpipe; 

(li)  inlet  —  a  short  length  of  tube  connected  to  the  com¬ 
bustion  chamber,  through  which  the  air  for  the  combustion 
process  enters  the  combustion  chamber.  It  should  be 
noted  that  both  inflow  and  exhaust  Jet  efflux  occur 
from  the  so-called  inlet,  producing  approximately  liOJI  of  the 
combustor  thrust; 

(5)  augmenter  —  an  ejector- type  device  used  to  increase  the 
thrust  of  the  inlet  and  tailpipe  of  a  combustor; 

(6)  pulse  reactor  —  combustor  plus  thrust  augmenters. 

The  terms  that  are  measures  of  Pulse  Reactor  per¬ 
formance  ares 

(1)  combustion  chamber  average  pressure,  psig; 

(2)  thrust  (F),  in  pounds; 

(3)  thrust- specific  fuel  consumption  (Tsfc),  in  povmds  of 
fuel  per  hour  per  pound  of  thrust; 

(li)  thrust  augmentation  ratio,  which  is  the  total  thrust  of 
augmenters  and  combustor  divided  by  the  thrust  of  the  com¬ 
bustor  when  operating  without  thrust  augmenters; 

(5)  thrust  per  unit  volume,  which  is  the  total  thrust  in 

pounds  divlaed  by  the  volume  in  cubic  feet  of  the  thrust 
device; 
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(6)  fuel  flow  rate  (w),  in  pounds  per  hour  (pph)i 

(7)  corrected  thrust  and  fuel  flow  rate  (F  and  w^),  which 

c  c 

are  thrust  and  fuel  flow  rate  corrected  to  standard 
atmospheric  conditions.  ■  F/6  where  6  ■  ambient 
pressure/standard  pressure  and  w  ■  -a/b  where 
9  *  ambient  temperature/standard  temperature.  Due 
to  the  small  variations  in  the  corrected  values  (with¬ 
in  2  or  and  w_  are  determined  only  when  a 

c  c 

close  comparison  of  the  test  data  recorded  over  several 
days  is  made. 

The  independent  variables  that  affect  combustor  per¬ 
formance  ares 

(1)  combustor  LA)  ratio,  which  is  the  total  combustor  length 
along  the  centerline  divided  by  the  largest  internal 
diameter  of  the  combustion  chamberj 

(2)  the  total  engine  volume  (including  combustor  and  thrust 
augmenter),  in  cubic  feet; 

(3)  aiigmenter  L/D  ratio,  which  is  the  centerline  length 
divided  by  the  minimum  internal  diameter  of  the  aug¬ 
menter  | 

(k)  details  of  combustor  geometry  such  as  type  of  transition 
from  inlet  to  cylindrical  combustion  chamber,  transition 
from  combustion  chamber  to  tailpipe,  divergence  of  tail¬ 
pipe  | 

(5)  interaction  or  matching  of  components| 

(6)  type  and  location  of  fuel  injection  system, 

1.1,2  The_?i^se_Re actor  Cycle  of  ^eratior^ 

The  Pulse  Reactor  cycle  of  operation  may  be  described 
briefly  with  reference  to  Figure  1,  Starting  is  accomplished 
by  simultaneously  turning  on  the  ignition,  fuel,  and  starting 
air.  The  resulting  combustion  causes  a  pressure  build-up,  and 
the  air  and  cortoustion  products  expand  out  both  ends  of  the 
combustor,  introducing  the  exhaust  phase.  In  this  phase,  the 
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ignition  and  starting  air  are  turned  off,  and  as  the  pressure 
in  the  combustion  chamber  is  higher  than  the  fuel  pressure, 
the  fuel  flow  ceases  momentarily.  Ihe  momentum  of  the  ex¬ 
haust  gases  causes  an  over-expansion  in  the  combustion 
chamber  and  flow  reverses  in  the  inlet  and  tailpipe.  Dur¬ 
ing  this  Inflow  phase,  as  the  combustion  chamber  pressure 
is  substantially  below  the  fuel  manifold  pressure,  the 
fuel  again  flows  into  the  chamber.  The  air  flows  which 
enter  from  both  ends  of  the  combustor  collide  in  the  com¬ 
bustion  chamber  and  there  is  a  vigorous  mixing  of  the  incoming 
air-charge  and  fuel.  The  hot  nroducts  of  combustion  which 
didn ’t  escape  from  the  tailpipe  during  the  previous  phases 
are  thoroughly  mixed  with  the  fresh  charge  and  furnish 
multiple  points  of  ignition  for  the  next  combustion  phase. 

The  cycle  is  then  repeated  at  a  frequency  determined  by 
the  size  of  the  combustor.  The  vigorous  mixing  and  multiple- 
point  ignition  explains  why  the  resonant  combustor  may  be 
operated  on  a  wide  variety  of  fuels.  The  performance  (at 
sea  level)  does  not  depend  on  the  use  of  fuels  with  high 
flame  speeds,  but  only  on  the  heating  value  and  the  mixing 
efficiency.  Of  additional  importance  is  the  very  rapid  thrust 
response  to  changes  in  fuel  flow  rate.  It  is  estimated  that 
the  Pulse  Reactor's  throttle  response  is  complete  within  three 
to  four  combustion  cycles,  a  small  fraction  of  a  second. 

The  intermittent  jets  from  the  ends  of  the  combustor  oan  be 
compared  to  one-way  pistons  as  they  travel  through  the  aug- 
menters  forcing  air  out  ahead  and  drawing  ambient  air  in 
behind  over  the  curved  augmenter  entrance.  With  optimum 
geometrical  relationships  between  the  augmenters  and  com¬ 
bustor,  the  thrust  of  the  combustor  can  be  more  than  doubled 
by  the  action  of  the  augmenters. 

During  this  last  year  of  development,  several  changes  have 
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been  made  to  the  qualitative  Pulse  Reactor  cycle  description. 
With  the  aid  of  high-speed  schlieren  motion  pictures  of  a  two- 
dimensional  angmenter  model,  it  was  observed  that  the  gas  flow 
doesn't  reverse  direction  in  the  augmenter  as  was  previously 
postulated  (Reference  1,  Fig.  8).  However,  there  is  flow 
reversal  over  the  rounded  lip  (from  the  Jet  spill-over)  as 
the  intermittent  Jet  piston  enters  the  augmenter.  These 
schlieren  flow  visualization  studies  are  presented  in  Ref¬ 
erence  2  in  the  form  of  35  nm  color  transparencies. 

1.2  Pulse  Reactor  Develo£ment  Program 

The  Pulse  Reactor  Development  Program  under  Contract  NOw  61- 
0226-c  can  best  be  summarized  by  referring  to  the  chart  of  Figure 
2.  The  first  phases  of  the  program  were  involved  in  testing  Pulse 
Reactors  of  various  sizes  scaled  from  the  9.1”  diameter  combustor 
(Fig.  3)  originally  furaished  by  ttie  French  Jet  engine  company, 
SMEGMA..  Investigation  of  fuel  systems  and  combustor  shell  geometry 
preceded  selection  of  a  Pulse  Reactor  package  for  the  trailer  forward 
speed  tests.  The  durability  and  subsystem  development  programs  sup¬ 
port  the  trailer  test  program  so  as  to  lead  to  Pulse  Reactor  lift- 
propulsion  packages  suitable  for  VTOL  applications.  Tlie  details  of 
each  phase  are  presented  in  sections  2  through  7  of  this  report. 

1.3  Supplementary;  Programs 

1.3.1  Enepgy_Transfer_from  Intermit tent_ Jet  to  Secondary 
Fluid  Jn  Jet_EJectors 

A  study  of  the  energy  transfer  process  from  inter¬ 
mittent  Jets  to  the  secondary  fluid  in  ejector  type  thrust 
augmenters  is  currently  being  done  xuider  Office  of  Naval 
Research  Contract  Nonr  3082(00)  (References  2  and  3)-  This 
work  has  produced  important  results  which  have  greatly  ben¬ 
efited  the  Pulse  Reactor  Development  Program.  For  example, 
results  from  small  scale  tests  under  Nonr  3082(00)  were 
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used  to  develop  augmenter  configurations  which  have  pro¬ 
duced  augmentation  ratios  as  high  as  2.U.  Excellent  vis¬ 
ualization  of  the  jet  interface  and  measurement  of  its 
velocity  through  the  augmenter  have  been  achieved  using 
high-speed  frame  and  streak  color  schlieren  motion  pic¬ 
ture  photography.  "Instantaneous"  pressure  measurements 
in  the  augmenter  have  been  made^  and  several  methods  for 
instantaneous  temperature  measurements  are  being  evaluated. 

The  results  of  this  program  are  leading  to  an  analysis 
and  mathematical  model  which  will  contribute  to  the  full 
development  of  intermittent  jet  thrust  axigmentation. 

1.3«2  Mlnlature__Valveless  I^lsejet  Characteristics 

A  program  for  ihe  investigation  of  miniaturized 
valveless  pulsejets  in  the  thrust  range  of  5  to  l5  lbs 
has  been  sponsored  by  the  U.  S.  krmy  Transportation  Research 
Command  under  Contract  DA  Uli-177-TC-688  (Ref.  U).  This 
program  is  aimed  at  determining  miniature  pulsejet  operat¬ 
ing  characteristics  in  terms  of  thrust,  Tsfc,  thrust- to- 
welght  ratio,  and  thrust- to- volume  ratio,  as  well  as  in¬ 
vestigating  the  problem  areas  of  fuels,  fuel  injection,  start¬ 
ing,  thrust  augmentation  and  noise.  Particular  emphasis  is 
placed  on  operation  in  clusters  and  the  effects  of  inter-con¬ 
necting  the  combustors.  These  miniature  pulsejets  have  shown 
a  unique  potential  as  extremely  simple  devices  for  applications 
such  as  direct  lift  and  propulsion,  and  for  tho  creation  of  an 
air  cushion  beneath  vehicles  where  a  variety  of  configurations 
and  space  limitations  are  of  prime  importance.  The  Pulse 
Reactors  (valveless  pulsejet  combustor  plus  augmenters)  also 
offer  Interesting  possibilities  for  use  as  jet  pumps,  and 
heater-blower  combinations.  As  heaters,  they  offer  particular 
advantages  since  it  is  Known  that  the  unsteady  or  back-and- 
forth  flow  of  gases  contributes  to  an  unusually  high  rate  of 
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heat  transfer  as  compared  to  the  steady  flow  of  gases.  This 
high  rate  of  heat  transfer  is  attributed  to  the  scrubbing  off 
of  the  boundary  layer  by  the  \msteady  or  reciprocating  flow 
(Reference  11).  In  certain  cases  the  increase  of  heat  trans¬ 
fer  has  been  reported  to  be  as  high  as  sixfold  over  the  steady 
laminar  flow  situation.  The  most  recent  development  under 
this  contract  has  been  the  successful  miniaturization  of  a 
fuel  injection  system  which  will  allow  combustor  operation 
with  gasoline.  Previously,  these  small  combustors  were  tested 
with  gaseous  propane. 

1.3.3  Interrela_tion  of  I^lse  Reactor_Progr^s_and  Areas 

Needing  Additional_Work 

It  is  fortunate  that  these  areas  of  investigation  and 
development,  described  in  the  preceding  sections,  are  being 
worked  on  conciTrently  with  the  Pulse  Reactor  Program  (Con¬ 
tract  NOW  6l-0226“c)  in  that  they  dovetail  together  in  a  way 
to  accomplish  the  overall  research  and  development  in  a  most 
efficient  manner.  Significant  progress  has  been  made  by  ap¬ 
plying  the  results  and  knowledge  derived  from  the  supplementary 
programs.  The  Pulse  Reactor  Development  Program  itself  has 
produced  the  most  important  recent  breakthrough  in  the  devel¬ 
opment  of  a  new  combustor  geometry  of  ^-l/U**  diameter  which 
provides  an  unaugmented  Tsfc  of  1.8  pph/lb  and  an  increase  in 
maximum  thrust-to-volume  ratio  of  ^0%  over  that  which  could 
be  obtained  from  the  previous  state-of-the-art.  This  was  ac¬ 
complished  without  the  benefit  of  quantitative  combustor 
cycle  analysis  data.  In  spite  of  these  accomplishments,  the 
development  of  the  intermittent  combustor  has  been  handicapped 
by  the  lack  of  adequate  theory  and  analysis.  This  contractor 
strongly  feels  that  additional,  substantial  improvements  can 
be  achieved  by  research  into  the  gas  dynamics  of  ttie  Pulse 
Reactor  engine  cycle.  In  particular,  a  program  which  would 
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provide  experimental  Instantaneous  pressure  and  temperature 
data  for  a  cycle  analysis^  such  as  outlined  In  Reference  S, 
would  greatly  supplement  the  existing  programs  and  speed  the 
performance  development  of  the  Pulse  Reactor,  as  well  as 
provide  basic  data  on  the  useful  and  efficient  resonant 
combustion  phenomenon.  The  interactions  between  the  reson¬ 
ant  combustor  and  the  thrust  augmenters  must  not  be  neglected* 
Optimum  performance  certainly  requires  a  proper  matching  or 
"tuning”  of  all  components. 
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2.  CCMBUSTOR  DEVELOIMENT 


2.1  Scale  Sff«£ta 

One  of  the  most  important  aspects  of  the  Pulse  Reactor  de- 
velopnent  program  has  been  the  determination  of  the  effective 
scaling  of  the  engine  up  and  down  in  size.  From  preliminar/ 
tests  it  was  known  that  the  thrust-to-volume  ratio  increased 
as  the  size  of  the  Pulse  Reactor  was  reduced.  To  provide  more 
information  about  this  trend  several  combustors  were  construc¬ 
ted  with  dimensions  scaled  from  the  9<.l"  diameter  HS-IB  com¬ 
bustor  originally  furnished  by  SNECMA,  the  French  Jet  engine 
company.  These  scaled  engines  are  designated  with  the  HS-IB 
notation  followed  by  the  square  of  the  ratio  of  the  combustion 
chamber  diameter  over  Pol**  (Fig- 

The  thrust-to-volume  ratio  and  Tsfc  performance  for  the  HS-IB, 
HS-1B(0.33),  the  HS-1B(0,19),  and  the  C-1,  a  miniature  combustor 
of  approximately  2  inches  diameter,  are  shown  in  Figure  5.  The 
thmst-to-weight  trend  closely  follows  the  thrust-to-volume 
trend  down  to  the  point  where  the  construction  difficulties  of 
miniaturized  components  and  accessories  places  a  limit.  The 
thrust-to-weight  and  thrust-to-volume  trends  for  the  augmenters 
have  also  shown  an  increase  as  the  augmenter  si^^e  is  reduced. 

A  variety  of  problems  developed  when  the  combustors  were  reduced 
in  size.  A  reduction  of  combustor  size  causes  an  increase  of  the 
resonant  combustion  frequency.  The  physical  space  and  time  for 
the  mixing  of  the  fuel  and  incoming  air  is  also  reduced.  A  point 
is  finally  reached  where  the  performance  is  affected.  Thus,  in 
order  to  get  the  smaller  combustors  to  run  satisfactorily,  it 
became  necessary  to  develop  new  types  of  miniatxirized  fuel  nozzles 
and  to  v^etennine  the  proper  location  of  these  nozzles  within  the 
combustion  chamber.  Difficulty  with  the  fuel  injection  system  was 
quite  apparent  when  testing  the  U*'  diameter  H3-lB(0ol9).  The 
Tsfc  versus  volume  trend  is  dependent  upon  the  fuel  injection  system 
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and  combustor  volume  which  determine  the  effectiveness  of  fuel- 
air  mixing.  This  problem  area  will  be  discussed  further  in 
Section  2,3.  Regarding  the  effects  of  scaling,  as  a  matter  of 
necessity,  the  greatest  effort  has  been  expended  on  combustor 
development. 

Another  trend  which  appeared  that  further  complicated  the  test 
evaluation  was  the  need  for  an  increased  length-to-diameter 
ratio  as  combustor  size  is  reduced.  This  trend  appeared  when 
the  lengths  of  the  tailpipe  and  inlet  of  the  HS-IB  family  were 
varied  in  order  to  improve  the  strength  of  resonant  combustion 
and  the  operating  range. 

The  scale-effect  performance  tests  were  carried  out  with  engines 
scaled  down,  rather  thaui  up,  from  the  HS-IB  9,1”  diameter  com¬ 
bustor  in  order  to  investigate  and  take  advantage  of  the  rising 
thrust- to-  volume  and  thrust- to-weight  trends.  From  the  results 
of  these  tests,  the  5-l/U”  combustor  was  selected  to  be  the  basic 
development  engine  as  it  has  the  highest  thrust- to-volume  ratio 
and  is  the  smallest  of  the  scaled  down  combustors  which  did  not  initially 
show  performance  loss  due  to  the  fuel  system  miniaturization 
problems.  Pulse  Reactors  larger  than  the  9.1”  diameter  can  readily 
be  built  using  the  same  principles  and  relations  idiich  have  been 
derived  in  investigation  of  the  smaller  engines.  Since  the  larger 
size  engines  are  less  sensitive  to  small  dimensional  changes,  the 
construction  and  operation  of  engines  greater  than  9.1**  diameter 
should  present  few  problems, 

2.2  ^£roved__C^bustor_Geometry 

2.2.1  Effect_of_Combustor  Tailpipe  length 

A  few  attempts  to  reduce  the  length  of  the  HS-IB  9.1” 
diameter  combustor  and  still  maintain  satisfactory  perform¬ 
ance  were  lonsuccessful  \mder  the  program  described  in  ARD-256 
(Ref.  1).  However,  since  that  time  it  was  discovered  that 
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with  imall  combustors,  the  engine  tailpipe  length  could  be 
drastically  reduced  if  a  slightly  convergent  cone  (2°  in¬ 
cluded  angle)  tap-^red  towards  the  inlet  opening,  was  subsit- 
uted  for  the  cylindrical  inlet  tube.  It  was  decided  to  test 
this  effect  on  the  9.1"  diameter  HS-IB  combustor  (Fig.  6)  in 
the  hope  that  the  thrUi.'t-to-volumo  ratio  of  the  combustor 
might  be  Improved.  Just  as  ir  the  case  of  the  small  combustor, 
it  was  pousible  to  operate  he  large  combustor  with  greatly 
reduced  tailpipe  lengths  (Fig.  7).  However,  the  thrust-to- 
volume  ratio  generally  decreased  (F^g.  8)  and  the  Tsfc  increased 
(Fig.  9).  This  suggested  an  investigation  of  the  effect  of 
extending  the  tailpipe  length  in  order  to  find  the  optimum 
length  for  the  maximum  thrust- to- volume  ratio.  The  results 
of  this  program  are  shown  in  Figures  10,  11  and  12,  >rtiich  in¬ 
dicate  that  the  best  thrust-to-volume  ratio  (Figures  8  and  11) 
is  achieved  with  a  tailpipe  length  that  is  close  to  the  stan¬ 
dard  length  (L/D  of  18,5)  as  exemplified  by  the  HS-IB  geometryj 
however,  the  best  Tsfc  occurs  with  L/D  ratios  between  21  and 
22-1/2.  The  best  Tsfc  is  1.8  pph/lbs,  thrust  at  an  L/D  of 
22. U  (Fig.  10). 

The  differences  in  performance  at  matching  points  between  the 
earlier  set  of  data  shown  in  Figures  7,  8  and  9  and  the  later 
set  of  data  shown  in  Figures  10,  11  and  12,  are  due  to  using 
an  improved  combustor  for  the  latter  tests.  The  combustor  im¬ 
provement  stemmed  mainly  from  a  rebuilt  combustion  chamber  and 
tailpipe.  Figure  9  shows  the  large  difference  in  the  perform¬ 
ance  (Tsfc)  of  the  two  \maugmented  combustors.  As  the  earlier 
tests  progressed,  distortion  of  the  shell  occurred  in  the  trans¬ 
ition  region  between  the  combustion  chamber  and  tailpipe,  there¬ 
by  causing  the  older  combustor  to  perform  poorly, 

2,2.2  Combustion  Chamber_Bulkhead_Design 

The  flat  bulkhead  or  abrupt  transition  from  the  combustion 
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chamber  to  inlet  proved  to  be  an  area  of  structural  weakness, 

A  semi- toroidal  bulkhead  (Fig.  13)  temporarily  eliminated 
this  problem  on  the  5-lA”  diameter  combustor.  However,  when 
lighter  gage  materials  were  used  for  combustor  construction, 
this  area  again  became  a  structural  problem.  Conical  bulk¬ 
heads  were  then  tried.  Figure  lii  is  a  performance  comparison 
between  combustors  with  a  ii5®  bulkhead  and  a  30°  bulkhead. 

The  bulkhead  has  been  used  on  subsequent  combustor  tests 
and  has  shown  no  signs  of  structural  weakness. 

2,2.3  Breakthrough_in_Combustor  Desi|[n 

Further  improvement  of  combustor  thrust  and  Tsfc  was 
accomplished  with  the  $-l/k”  diameter  combustor  that  was  de¬ 
signated  in  its  original  dimensions  as  Model  HS-1B(0.33)«  Sig¬ 
nificant  gains  in  thrust  were  first  made  by  elongating  the 
entire  combustor.  Changes  in  various  section  diameters  were 
tried  and  showed  little  improvement.  The  combustors  still  re¬ 
quired  a  long  tailpipe  for  optimum  thrust- to- volume  ratio. 
Reduction  in  tailpipe  lengtn  resulted  in  trends  of  reduced 
thrust  and  thrust- to-volume  ratio  and  an  increase  in  Tsfc 
(Fig.  l5),  trends  which  were  similar  to  those  of  the  9.1" 
diameter  combustor. 

The  major  breakthrough  occurred  when  the  long  transition  from 
combustion  chamber  to  tailpipe  was  replaced  with  a  bulkhead 
similar  to  the  transition  between  combustion  chamber  and  inlet 
(Fig.  16).  With  this  configuration,  combustor  length  could  be 
reduced  drastically.  The  previous  gains  in  maximum  thrust  were 
retained  and  the  Tsfc  Improved  to  less  than  2.0  pph/lb  (Fig, 17). 
The  most  important  result  attributable  to  this  new  geometry 
was  an  increase  of  S0%  in  the  maximum  thrust-to-volume  ratio. 
Figure  18  compares  the  breadcthrough  geometry,  designated  as 
Model  HH(5.25")“'^  with  the  elongated  version  and  the  original 
version  of  the  ^-l/U"  diameter  combustor.  Figure  19  shows  the 
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thrust- to-volume  ratio  and  Tsfc  as  functions  of  fuel  flow 
rate  for  the  three  combustors,  »rtiile  the  maximum  thrust- to- 
volume  ratio  and  best  Tsfc  are  shown  for  comparison  in 
Figure  5« 

The  straight  section  of  the  tailpipe  following  the  180°  turn 
in  the  HS-IB  configuration  in  both  5  inch  and  5.25  inch  com¬ 
bustion  chamber  diameters  was  tested  with  a  conically  diver¬ 
gent  section  of  3.3*^  instead  of  the  more  usual  included  angle 
of  2.3°.  The  smaller  angle  seems  to  give  slightly  better 
performance  and  has  more  significance  in  that  the  tailpipe 
exit  diameter  is  reduced  and  thus  the  required  augmenter  dia¬ 
meter  is  reduced,  resulting  in  a  smaller  Pulse  Reactor  package. 

2.2.1;  ^nle  t  Lip_Shape_Ef f ec  t 

Inlet  lip  configurati  -n  affects  the  combustor  performance 
by  changing  the  aerodynamics  of  the  inlet.  A  small  lip  is  as¬ 
sociated  with  greater  thrust  than  a  larger  lip  (Fig.  20).  Ap¬ 
parently,  there  are  conflicting  requirements  for  the  inlet  lip 
shape.  From  the  standpoint  of  maximum  air  inflow  to  the  com¬ 
bustor  a  lau'ge  bellraouth  or  lemniscate  shape  would  be  ideal. 
However,  the  pressure  drop  on  the  lip  associated  with  inflow 
acts  on  the  combustor  as  a  negative  thrust.  The  best  total 
combustor  performance  is  achieved  by  a  compromise  which  results 
in  a  relatively  small  inlet  lip  of  a  shape  that  approximates  a 
lemniscate . 

2.3  Fuel  System  Development 

In  a  fairly  broad  investigation  of  commercially  available  fuel 
nozzles,  we  did  not  find  nozzles  small  enough  and  of  adequate  flow 
characteristics  to  operate  successfully  in  the  smaller  Pulse  Reactor 
combustors.  The  larger  nozzles  seemed  to  be  bothered  by  a  vapor 
lock  condition  which  developed  soon  after  starting  the  engine,  re¬ 
sulting  in  very  uneven  operation,  and  drastically  reduced  performance 
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or  actual  stoppage  of  operation.  Therefore,  we  were  forced  to 
design  our  nozzles  with  the  first  factor  in  mind  being  that  v  f 
reducing  the  over-all  size  of  the  nozzles,  so  as  to  reduce  the 
amount  of  heat  absorbed  from  the  combustion  gases o  In  order  to 
get  the  smaller  combustors  to  operate,  it  was  at  first  necessary 
to  use  small  (0,12$"  Ood,)  tubes  with  two  0,0l80"  holes  drilled 
opposite  each  other.  It  was  also  necessary  to  insert  these  fuel 
tubes  into  the  air  inlet  (Fig,  21)  instead  of  directly  into  the 
combustion  chamber.  Total  thrust  was  fairly  satisfactory  with 
this  combination,  but  thrust- specific  fuel  consumption  suffered; 
apparently  because  fuel  was  wasted  by  blowing  out  the  inlet  during 
the  blowback  portion  of  the  cycle. 

Further  research  resulted  in  two  successful  types  of  nozzles  that 
could  be  operated  within  the  combustion  chamber  in  the  location 
shown  in  Figure  22,  position  B-B„  These  nozzles,  designated  the 
LB-I  jet  impingement  type,  and  the  ’’Question  Mark”  type,  are  il¬ 
lustrated  in  ®’igure  23o  Emphasis  has  been  placed  on  the  lat'(  er 
type  because  of  its  simplicity  of  construction  and  because  it  does 
not  clog  so  readily  as  the  LB-I  type.  The  ’’Question  Mark”  type 
has  evolved  into  the  so-called  ’’Lorgnette”  type  (Fig,  2k)  which  is 
a  further  simplification  from  the  standpoint  of  fabrication.  In 
order  to  obtain  smooth  operation  over  a  wide  range  of  fuel  flow 
rates,  it  was  necessary  to  place  a  restrictor  in  the  fuel  line 
near  the  nozzle.  The  effect  of  the  restriction  in  the  fuel  line 
is  to  prevent  the  blowback  of  fuel  so  far  back  into  the  fuel  line 
that  it  does  not  re-enter  the  nozzle  in  time  for  the  next  cycle, 
k  further  modification  of  the  Lorgnette  type  consists  of  making 
the  restricting  orifice  by  merely  drilling  a  small  hole  (No.  69 
drill)  through  the  wail  of  the  ring-shaped  nozzle  at  the  junction 
of  the  stem  and  ring.  The  currently  favored  fuel  injection  systeri 
consists  of  four  Lorgnette  type  nozzles  positioned  as  shown  in 
Figure  25"  Note  that  two  of  these  nozzles  have  the  spray  gap 
located  at  the  end  of  the  nozzle  and  the  other  two  have  the  spray 
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gap  losated  at  1x5°  to  the  axis  of  the  stem.  The  effect  of  the 
fuel  noezle  gap  width  on  performance  of  the  HH(5.25*')“5  combus¬ 
tor  is  shown  in  Figure  26.  All  of  the  foregoing  fuel  systems 
have  used  a  low  pressure  in  the  fuel  lines  of  6  to  10  psig  near 
the  nozzles.  High  speed  motion  pictures  have  been  taken  at  1000 
frames  per  second  of  the  luminous  flames  during  combustion  and  of 
the  fuel  spray  pattern  in  the  HS-IB  engine.  This  was  accomplished 
by  pointing  the  Fairchild  HS-101  camera,  equipped  with  four-inch 
lens,  directly  into  the  combustor  inlet.  With  the  camera  at  a 
distance  of  about  seven  feet  from  the  inlet,  the  fuel  nozzles  were 
clearly  visible  during  the  engine  cycle.  Four  General  Electric 
RSP2  photospots  were  arranged  around  the  camera  to  provide  front¬ 
lighting  of  the  fuel  nozzles.  Eastman  l6mm  Ektachrome  ER  Type  72$B 
type  B  color  film  was  used  at  f2,7.  The  motion  pictures  indicated 
that  there  is  complete  cutoff  of  the  fuel  during  the  combustion 
(and  accompanying  pressure  rise)  phase  of  the  cycle  as  was  expected 
with  the  low  pressvire  fuel  system. 

The  fuel  nozzle  position  inside  the  combustion  chamber  has  a  large 
effect  on  combustor  performance.  Figure  27  illustrates  these  ef¬ 
fects  on  the  HS-IB  9*1”  diameter  combustor.  In  addition  to  the 
thrust  and  Tsfc  changes,  there  is  also  an  influence  on  the  starting 
and  combustion  characteristics,  and  the  throttling  range. 

Figure  28  shows  the  results  of  a  test  in  which  a  small  diameter 
"static  pressure"  probe  was  inserted  into  the  combustor  inlet  along 
the  longitudinal  axis  of  the  cylindrical  inlet.  In  interpreting 
the  plotted  data,  it  must  be  born  in  mind  that  the  flow  past  this 
so-called  static  pressure  pick-up  is  decidedly  back-and-forth  as 
contrasted  to  steady  flow  situations.  It  may  be  assmed  that  the 
flow  becomes  established  parallel  to  the  main  axis  of  the  cylindrical 
inlet  tube  throughout  much  of  the  operating  cycle.  However,  when  the 
flow  enters  the  combustor,  it  is  expected  that  the  sudden  expansion 
of  tlie  flow  from  the  eylindr-ioal  inlet  into  the  cylindrical  com- 
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bustion  chamber  will  cause  the  intermittent  creation  of  an  incip¬ 
ient  ring  vortex  motion  or  possibly  a  well-established  ring  vortex 
motion.  The  probe  orifice  is  surely  exposed  to  ram  pressure  during 
a  portion  of  the  cycle  due  to  the  swirling  motion  of  the  gases. 
Notwithstanding  these  unresolved  restrictions  on  the  meaning  of 
the  data,  the  data  :.s  submitted  as  casting  some  additional  light 
on  the  basic  phenomenon. 

One  of  the  reasons  for  conducting  the  test  was  to  look  for  some 
simple  correlation  between  the  position  of  the  fuel  nozzles  for 
optimum  performance  as  determined  on  an  experimental  basis,  and 
the  possible  presence  of  standing  waves  within  the  combustor.  As 
backgroxmd  here,  it  is  noted  that  several  inventors  of  valveless 
pulsejet  combustors  have  claimed  that  their  combustors  operated  on 
a  so-called  acoustic  cycle,  and  blow^back  through  the  inlet  was 
completely  nullified,  or  at  least  drastically  reduced,  by  the  pres¬ 
ence  of  a  standing  wave  located  in  the  vicinity  of  the  Juncture  of 
the  inlet  and  the  combustion  chamber.  This  is  obviously  not  the 
kind  of  cycle  on  which  the  subject  Pulse  Reactor  engines  operate, 

Ihls  is  at  once  apparent  because  our  tests  have,  from  the  first, 
shown  that  we  get  nearly  as  much  thrust  from  the  so-called  inlet 
as  we  do  from  the  tailpipe  of  the  combustor.  Furthermore,  we  have 
shown  that  we  get  good  performance  in  terms  of  total  engine  thrust, 
even  when  the  fuel  nozzles  are  located  in  the  inlet  of  the  combustor. 
However,  specific  fuel  consumption  suffers  in  the  latter  situation 
as  fuel  is  blown  back  out  the  combustor  inlet  during  the  combustion 
pressure  rise  portion  of  the  cycle.  Based  on  these  **averaga  static 
pressure  readings  shown  in  Figure  28,  one  might  suspect  that  the 
best  position  for  the  fuel  injection  would  be  in  the  region  where 
the  average  pressure  is  highest.,  That  is  at  the  station  designated 
15"  from  the  combustor  inlet.  However,  the  best  nozzle  location 
is  shown  to  be  at  a  station  about  13”  from  the  inlet.  Tnls  in¬ 
dicates  that  the  best  location  results  not  Just  from  the  highest 
average  pressure  location.  The  effect  of  the  large  swirling  and 
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mixing  action  due  to  the  inflow  from  the  inlet>  sudden  dumping 
and  expansion  into  the  combustion  chamber  ahd  re  oltant  .^lame- 
holder  action,  and  mixing  of  fresh  fuel  and  air  with  hot  gases 
from  the  previous  cycle  is  fully  as  important  iii  he  overall 
performance,  if  not  more  so,  than  the  pressure  effect.^ 

2.1;  Comb^ed__Effects_of  i™£i‘ov®d_^uel  System_and_Contou3tor 

Geometry 

The  combined  effects  of  the  changes  in  both  combustor  geometry 
and  the  fuel  systems  are  summarized  in  Fig\ire  29.  Curve  (l)  show 
the  performance  of  the  HS-1B(0.33)  combustor  ,'just  as  it  was  scaled 
down  from  the  9.1**  diameter  combustor,  but  with  straight  Jet  fuel 
nozzles  in  the  inlet.  Curve  (2)  shows  an  improvement  of  the  fuel 
system,  but  with  the  nozzles  still  in  the  Inlet,  Curve  (3)  re¬ 
presents  a  large  Jump  in  performance  due  to  the  improved  geometry 
shown  as  the  HH(5.25**)  model  in  Figure  18,  Some  of  the  increased 
thrust  is  attributed  to  the  increased  volume  of  the  lengthened  com¬ 
bustor.  Curve  (ii)  shows  the  effect  of  the  improved  fuel  system 
iriiereby  the  LB-I  and  the  "Question  Mark"  types  of  fuel  nozzles  per¬ 
mitted  engine  operation  with  the  fuel  nozzles  Inside  the  coiribustion 
chamber.  Notice  that  the  maximum  thrust  of  (1;)  is  the  same  as  (3), 
but  (1|)  occurs  at  a  much  'uel  flow  rate,  thus  (U)  has  a  much 

better  Tsfc  than  (3).  improvement  in  Tsfc  is  :,chieved 

by  the  combination  of  t  .jd  f’ual  system  and  the  breakthiough 

in  combustor  geometry.  1  ortant  breakthrough  in  combustor  per¬ 

formance  has  provided  a  ^0%  increase  in  the  thrust-to-volume  ratio 
of  the  HH(5,25")-5  model  as  con^iared  with  the  HS-1B(0.33)  combus¬ 
tor  (5).  The  HS-1B(0.33)  has  a  thrust/unit  volume  of  80  Ib/ft^  for 
a  volume  of  0.69  ft^j  whereas,  the  HH(5.25")”0  gives  120  Ib/ft^  with 
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a  volume  of  only  0,6  ft  , 

When  the  HH(5o25")-^  configuration  was  changed  from  a  90°  shape  to  a 
U-shape,  the  designation  was  changed  to  -6  for  the  latter  o  These  high 
performance  combustors  designated  as  HH(5o25")‘^  were  Initially  used 
on  the  trailer  test  rig  but  they  had  relatively  poor  starting  character- 


iatlos  M  comparad  to  many  of  Pulse  Reactors,  and  experienced  vm- 
e]q>eoted  blow*>outs  at  hl(^  fuel  flow  rates o  lliese  combustors  were  oon*> 
stnioted  with  the  rather  crude  l80^  turns  pictured  In  Figures  16  and  21. 

The  improTed  turn  of  larger  radius  and  more  nearly  circular  oross—seotion 
was  not  yet  available  at  this  tlmeo 

Past  experience  (seco  2o2ol  preceding)  indicated  that  easier  starting 
and  more  stable  operation  with  leas  sensitivity  to  tailpipe  tuning  occurs 
with  tapered  inlets  than  with  the  cylindrical  Inlets o  Another  possibility 
for  Improving  the  starting  characteristics  was  to  make  a  small  Increase 
in  the  length  of  the  combustion  chamber o  It  was  anticipated  that  one  or 
a  combination  of  both  of  these  modifications  would  alleviate  the  starting 
problem«  Accordingly,  the  HH-5o25-6  oombtistor  configuration  was  initially 
modified  by  (a)  increasing  the  combustion  chamber  from  11*  to  12*,  and  (b) 
by  replacing  the  cylindrical  inlet  with  tapered  Inlets  of  1*^  and  2~l/i|.^ 
included  angle o  Ihe  various  configurations  of  inlet  taper  and  oombustion 
chamber  length  are  shown  In  Figure  30  o 

2«1|.«1  Lengthening  ^eJiilmbvMtlon  £h8mbe£ 

Ihe  11”  long  oombustion  chamber  of  the  standard  HH(5o25”)'^ 
model  combustor  was  lengthened  to  12”,  thereby  increasing  the  com¬ 
bustion  chamber  volume  21o6$  cubic  inches  and  the  total  engine  volume 
0a0125  cubic  feeto  Figure  31  is  a  plot  of  corrected  thrust  vs« 
corrected  fuel  flow  rate  for  combustor  L/d  -  l6«7  with  oombustion 
chamber  lengths  and  Inlet  taper  as  parameters «  Performance  for  an 
L/d  17  o3  is  shown  In  Figure  32 o 

All  tests  for  the  plotted  data  were  made  In  the  absence  of  au^aenters* 
Holding  inlet  taper  angle  29  constant  and  considering  only  the  effect 
of  combustion  chamber  '.ength  on  performance,  It  Is  seen  that  a  loss 
In  thrust  occurred  when  the  chamber  was  lengthened  from  11”  to  12 *« 
However,  the  combustor  started  more  quickly  and  easlly«  Furthermore, 
as  shown  in  Figure  33,  when  the  tailpipe  was  lengthened  In  combination 
with  a  oottbuatlon  chamber  length  cf  12"  to  give  an  over-all  L/d  of  18  08, 
and  an  Inlet  taper  of  20  1-  1^  was  used,  the  total  thrust  Increased 
from  72*5  lbs  to  77  lbs  at  a  fviel  flow  rate  of  150  pph* 


2,k>2.  Inlet  Wpe  Taper 

The  inlet  tube  was  modified  from  a  right  circular  cylinder 
(no  taper)  to  a  truncated  conical  shape,  tapered  as  shown  in  Fig¬ 
ure  30.  For  purposes  of  definition,  the  included  angle  of  the 
cone  is  called  20.  Tests  were  made  initially  on  two  inlet  tapers 
of  20  -  1°  and  20  -  2-lA°. 

Figures  31  and  32  show  that  with  combustion  chamber  length  held 
constant  an  increase  in  thrust  occurs  for  a  given  fuel  flow  for 
tapered  Inlets.  For  the  12"  chamber,  the  better  of  the  two  tapers 
is  20  ■  1°.  Again  the  engines  started  quickly,  ran  stably,  and 
had  no  blow-outs.  It  should  also  be  noted  that  the  larger  9.25" 
radius  turn  made  with  smooth  surfaces  by  a  drop-hammer  forming 
and  seam  welding  process  was  first  used  with  the  test  results  shown 
in  Figure  33.  The  results  are  shown  for  a  12-inch  combustion  cham¬ 
ber  and  length-to-diameter  ratios,  L/D,  of  I6.8  and  18.8  as  com¬ 
pared  to  an  earlier  configuration  of  11  inch  combustion  chamber  and 
L/D  of  16.6  with  a  180°  turn  of  7-inch  radius. 

2.I1.3  Combined  Effects  of  Inlet  Pipe_Taper_and  Chamber__Length 

From  the  foregoing  results  it  was  suspected  that  the  optimum 
taper  (20)  of  the  inlet  was  somewhere  between  1°  and  2-1/1;°  so  it 
was  decided  to  try  an  angle  of  20  «  1.5°  in  conJ\anction  with  com¬ 
bustion  chamber  lengths  of  11",  11-1/2"  and  12"  (Fig.  3li).  The 
results  for  90°  combustor  configurations  are  shown  in  Figure  35 
which  is  a  plot  of  corrected  thrust  versus  corrected  fuel  flow 
rate.  The  length  of  the  tailpipe  has  been  varied  in  each  case  to 
give  maximum  thrust.  Figure  35  shows  that  the  -6  and  -7  configur¬ 
ations  with  the  1.5°  inlet  taper  are  superior.  The  12"  conbustion 
chamber  :*  s  also  shown  to  be  superior  to  the  11-1/2"  combustion 
chamber  length  in  conjunction  with  the  inlet  taper  of  1.5°.  The 
maximum  thrust  of  86  lb  for  the  HH  5.25-6-7  combustor  represents 
the  highest  thrust  yet  achieved  for  the  5.25"  combustor  diameter. 

The  minimum  Tsfc  of  1.6  for  both  the  -6  and  -7  modifications  at  a 
fuel  flow  rate  of  110  pph  is  also  the  best  performance  yet  achieved. 

Note  that  this  performance  is  for  combustors  only(not  in  the  presence  of 
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augmenters ) .  This  performance  should  be  compared  with  the  Tsfc  of  2.3 
for  the  original  HS-9.1"  combustor  in  the  90°  configuration.  The  im¬ 
provement  represents  a  reduction  of  over  30^  in  thrust  specific  fuel  con¬ 
sumption.  Comparisons  of  the  most  important  HH  5.25-6  models  is  shown  in 
Figure  36  in  terms  of  length,  volume,  maximum  thrust  and  thrust-to-volume 
ratio . 

Comparing  HH  5.25-6  to  HH  5.25-6-7  the  latter  model  has  a  10^  in¬ 
crease  in  thrust  for  a  l5/f  increase  in  total  engine  volume,  which  cor¬ 
responds  to  a  decrease  in  thrust-to-volume  ratio.  On  the  other 

hand,  advantages  of  this  model  are  much  more  stable  operating  character¬ 
istics,  quicker  starting,  higher  maximum  thrust  and  better  Tsfc.  An 
engine  package  composed  of  two  or  more  combustors,  similar  to  the  HH  5.25-6-7 
model  combustors,  has  been  designed  so  that  when  the  engine  is  not  oper¬ 
ating,  each  combustor  can  be  retracted  into  its  own  set  of  augmenters, 
thereby  reducing  the  total  engine  package  volume.  Thus,  because  of  the 
different  geometrical  relationships  that  exist  between  combustors  and  aug¬ 
menters,  even  though  the  HH  5.25-6-7  combustor  is  somewhat  larger  than 
the  HH  5.2  5-6,  the  total  retracted  engine  Trackage  volume  for  the  HH  5.25-6-7 
may  be  less  than  that  of  the  HH  5.25-6  type.  More  recent  investigations 
of  U-shaped  combustors  have  shown  that  the  tapered  inlet  of  angle  20  1.5° 

permits  again  reducing  the  total  length  to  an  L/D  of  l6.ii  by  removing  two 
inches  from  the  inlet  tube  to  reduce  it  to  10-5/8*'  3Jid  an  8"  reduction  of 
the  length  of  the  unbent  section  of  the  tailpipe  to  l8-3/ii  inches.  This 
modification  (called  HH  5.25-7,  see  Fig.  37),  reduces  the  volume  to  0.6l5 
ft  as  indicated  on  Figure  36. 

2.h»h  3-No£zle  Hea^^Wail  HH_-5.25"7_Combustor 

As  a  result  of  operational  problems  and  experience  during  the  com¬ 
bustor  durability  program  (section  7.3)  at  the  very  end  of  the  contract, 
a  modification  of  fuel  system  of  the  HH  5.25-7  configuration  was  conceived 
and  tested.  It  consisted  of  substitution  of  3  (^45°,  Fig.  2I4)  fuel  nozzles 
of  the  same  type  and  flow  characteristics,  but  re-positioned  symmetrically 
with  120°  between  nozzles  on  a  diametral  plane,  and  set  at  it5°  as  indicated 
by  the  uppei'  and  luwer  iiuvi'isleo  in  Fig.  25.  Starting  characteristics  and  over¬ 
all  performance  were  the  best  yet  tested  for  the  U-shaped  configurations, 
as  indicated  in  Figure  127. 
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2. 5  Combustion  Chamber  Average  Pressure  Observations 

The  trend  of  combustion  chamber  average  pressure  follows  the 
trend  of  thrust  at  various  fuel  flow  rates  as  has  been  evident  with 
other  (halved)  pulse jet  engines.  Reference  7  indicates  that  time- 
averaged  ccanbustion  chamber  pressure  is  an  excellent  indicator  of 
pulse Jet  internal  performance,  and  since  it  is  our  only  direct 
measurement  of  internal  engine  performance,  it  is  of  obviously  great 
importance  even  for  static  operation.  This  report  shows  that 
combustion  chamber  pressure  can  also  be  used  to  determine  drag  in 
forward  flight  by  noting  the  difference  between  the  equivalent 
thrust  pressure  and  the  specific  net  thrust.  Since  the  term  equival¬ 
ent  thrust  pressure  is  a  rather  unusual  term,  it  will  be  defined  as 
follows*  equivalent  thrust  pressure  is  determined  by  first  dividing 
peak  thrust  by  a  corresponding  combustion  chamber  average  pressure 
which  occurs  at  peak  thrust,  to  determine  an  "equivalent  area". 

Specific  thrust  is  defined  as  the  pressure,  pslg,  obtained  when  the 
euglne  thz*ust  is  divided  by  the  maucimum  cross-sectional  area  of  the 
engine.  The  combustion  chamber  average  pressure  is  then  multiplied 
by  the  ratio  of  "equivalent  area"  to  pulsejet  maximum  cross-sectional 
area  to  gi^ie  "equivalent  thrust  pressure"  over  the  range  of  fuel  flows. 

In  this  way,  the  curves  of  specific  thrust  and  the  "equivalent  thrust 
pressure"  are  made  to  coincide  at  peak  thrust  fuel  flow  and  then  the  curves 
can  be  readily  compared  over  the  rest  of  the  range. 

The  tests  reported  in  Reference  7  indicate  that  the  effect  of  for¬ 
ward  velocity  is  to  cause  a  spread  between  the  curves  of  equivalent 
thrust  pressure  and  specific  net  thrust.  This  is  reasonable  if 
equivalent  thrust  pressure  is  an  accurate  indicator  of  internal  per¬ 
formance,  The  difference  between  these  parameters  is  named  the 
"specific  drag"  which  is  the  drag  divided  by  the  maximum  cross-sectional 
area  of  the  pulsejet.  From  this  information  "hot  drag"  coefficients 
may  then  be  plotted  from  the  specific  drag  values.  These  resultant 
drag  coefficients  were  shown  to  be  x’easonable  values  and  represent  the 
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beat  check  available  on  the  use  of  equivalent  thrust  pressure  as  an 
indicator  of  internal  performance »  It  is  interesting  to  note  in 
Reference  7  that  the  drag  coefficients  decreased  generally  with  in¬ 
creasing  fuel  flow  rate  until  peak  thrust  is  reached.  This  seems 
logical,  since  increased  mass  flow  through  the  engine,  as  indicated 
by  increased  fuel  flow,  should  reduce  the  intermittent  spillage  around 
the  inlet  covlj  and  Increased  mass  flow  through  the  e^diaust  exit  may 
also  tend  to  reduce  the  engine  base  drag.  This  parameter  of  average 
combustion  chamber  pressure  is  included  in  all  of  our  engine  testa, 
both  in  static  and  in  forward  velocity  -’onditions ,  Since  this  is 
such  a  simple  parameter  to  measure,  it  should  also,  in  later  stages, 
be  of  particular  importance  as  a  way  of  giving  the  pilot  information 
concerning  the  internal  performance  of  his  power  plants,  which  for  a 
given  configuration  may  be  calibrated  directly  in  terms  of  net  thrust. 
This  is  especially  important  in  the  case  of  multiple  engine  packages. 
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2.6  Conibustor  Shape  Investigation 

One  of  the  most  important  characteristics  of  the  Pulse  Reactor 
is  that  it  may  be  built  in  a  wide  variety  of  configurations.  Sev¬ 
eral  aircraft  types  and  applications  which  take  advantage  of  the  various 
shapes  are  illustrated  and  described  in  Reference  1.  The  configurations 
of  most  immediate  interest,  however,  are  shown  in  Figure  38.  In  all 
these  configurations  except  nuntoer  (6),  the  inlet  and  exhaust  ends  of 
the  Pulse  Reactor  are  pointed  in  the  same  direction  so  that  the  thrust 
from  each  end  may  be  combined  to  greater  advantage. 

2,6.1  Minor  Changes  In  F^lse  Reactor_Conf i^uration 

Minor  changes  in  Pulse  Reactor  shape  have  been  accomplished 
by  bending  and  twisting  the  combustor  tube  into  a  variety  of  con¬ 
figurations.  The  combustor  tube,  however,  retains  its  character¬ 
istic  dimensions  and  component  dimensional  ratios  which  character¬ 
ize  its  geometry.  In  Figure  36,  number  (6)  is  a  special  shape 
suited  to  the  Hiller-designed  orthogonal  thrust  stand  (Fig,  39) 
which  separately  but  simultaneously  measures  the  thrusts  of  inlet, 
exhaust,  inlet  augmenter,  and  exhaust  augmenter.  Shape  number  (1) 
has  been  the  subject  of  the  majority  of  our  combustor  development 
tests  (as  in  Fig.  16)  ^ile  shape  (3)  is  the  original  S.N.E.C.M.A. 
furnished  KS-1  valveless  pulsejet  with  the  inlet  "dilution  duct" 
augmenter.  Figure  3  shows  this  S.N.E.C.M.A,  engine  xmdergoing  tests 
on  a  static  thrust  stand.  Figure  ii  illustrates  two  straight  com¬ 
bustors  which  were  constructed  for  the  scaling  trend  tests  and  to 
provide  a  standard  of  maximum  performance  for  comparison  with  the 

U-shaped  combustors.  This  particular  configuration  requires  a 

o 

thrust  plate  type  of  test  stand  which  turns  the  Jet  efflux  90  . 

In  the  .design  and  selection  of  a  Pulse  Reactor  configura¬ 
tion  for  an  aircraft  application,  the  engine  volume  requirements 
must  be  minimized.  The  5.2$"  i.d,  size  combustor  was  selected 
because  it; provides  a  high  basic  thrust-to-volume  ratio  (Fig.  $) 
with  a  minimum  of  fuel  system  suid  performance  problems.  This 
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medium-sized  engine  is  interesting  from  the  standpoint  of  pack¬ 
aging  multiple  Pulse  Reactors  in  pods,  giving  possibilities  of 
good  aircraft  control  during  hovering  by  selective  throttling 
of  engines  from  left  to  right  and  from  front  to  rear  for  roll 
control  and  pitch  control o 

Figure  1|0  shows  a  Pulse  Reactor  configuration  in  which 
the  HS-IB  type  combustors  and  the  thrust  augmenters  are  crowded 
as  closely  together  as  we  estimate  can  be  done  without  drastical¬ 
ly  interfering  with  engine  performance,  and  about  as  compactly 
as  the  engine  geometry  will  permit.  The  curvature  of  the  com¬ 
bustors  was  established  to  minimize  the  over-all  package  size 
when  two  or  more  Pulse  Reactors  are  placed  in  a  row.  These 
”horsecollar**  Pulse  Reactors  are  oriented  with  a  l5^  slant  from 
the  vertical,  which  gives  a  component  of  26/t  of  the  total 
thrust  for  forward  flight  when  the  aircraft  is  level,  and  are 
bent  forward  to  minimize  frontal  area.  In  addition,  the 
combustors  may  be  retracted  into  the  augmenters,  thus  reducing 
frontal  area  and  volume  for  the  case  when  Pulse  Reactor  power 
is  not  required  in  forward  flight. 

Several  type  combustors  were  built  in  the 

"horsecollar"  configuration  (Figure  hi).  Eighteen  mitered  seg¬ 
ments  comprised  the  large  200°  bend  in  the  tailpipe  while  there 
were  four  mitered  sections  in  the  bend  near  the  end  of  the  tail¬ 
pipe  and  five  mitered  sections  in  the  bend  near  the  inlet  end  of 
the  combustor.  The  semi- toroidal  bulkhead  was  one  of  the  features 
originally  Included  in  this  combustor  (Fig.  hi)  but  was  later  re¬ 
placed  by  the  h5°  conical  bulkhead  for  performance  testing.  Per¬ 
formance  data  is  presented  in  Figure  h3.  Thrust  and  specific 
fuel  consumption  were  considerably  poorer  than  that  of  the 

flat  U-shaped  combustor.  Average  combustion  chamber 
pressure  reached  a  maximum  of  only  about  2„^  psig.  Factors  which 
caused  poor  performance  of  this  configuration  were  thought  to  be 
the  followings 
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(a)  a  bend  in  the  combustor  occurred  in  a  critical  region 
near  the  Junction  of  inlet  and  combustion  chamber  5 

(b)  the  use  of  mitered  sections  in  the  turns  adversely  affects 
internal  flow  characteristics j 

(c)  the  bend  near  the  end  of  the  tailpipe  was  so  sharp  as  to 
have  caused  significant  performance  loss 5 

(d)  cross  sectional  deformation  caused  by  thermal  stresses  and 
pressure  loads  in  the  mitered  sections  of  the  large  turn 
contributed  to  performance  loss. 

A  "horsecollar”  type  combustor  was  then  constructed  using  the 
new  HH(5.25*')“5  geometry.  One  bend  was  relocated  to  the  aft 
part  of  the  combustion  chamber  and  the  radius  of  the  tailpipe 
bend  was  increased.  While  having  the  same  maximum  thrust  rating 
as  the  previous  "horsecollar**  combustor,  the  W{S was  much 
smaller  and  therefore,  lighter.  A  comparison  can  be  made  be- 
tween  Figures  1;1  and  U2o  A  full  siaed  display  package  (^’ig.  Uii) 
demonstrates  how  the  HH(5.25**)-5  *'horsecollar**  combustors  may  be 
retracted  down  into  the  augraenter  and  the  flaps  closed  to  provide 
an  aerodynamically  clean,  minimum  volume  package  for  forward 
flight  when  lift  from  the  Pulse  Reactors  is  not  required. 

The  static  performance  tests  of  the  HH(5.25*')-5  "horsecollar** 
combustor  (Fig,  k^)  revealed  that  maximum  thrust  and  Tsfc  were 
again  considerably  poorer  than  that  of  the  flat  U-shaped  combustor 
of  the  same  geometry.  As  segmented  turns  were  used  in  the  cons¬ 
truction,  the  performance  losses  were  again  attributed  to  those 
factors  previously  mentioned.  To  further  pinpoint  the  perform¬ 
ance  problems  of  this  particular  combustor  configuration,  se'veral 
modifications  to  the  shape  were  made  as  indicated  in  Figures  U6 , 
li7  and  U8.  The  first  change  consisted  of  replacing  the  curved 
combustion  chamber  with  a  straight  cylindrical  chamber  and  then 
cutting  and  rotating  the  tailpipe  so  that  the  inlet  and  tailpipe 
axes  were  again  parallel.  No  improvement  in  performance  over 
that  in  Figure  was  achieved.  The  bent  tailpipe  was  then  re- 


placed  by  a  straight  section  (Fig.  ii9).  The  only  improvements 
in  performance  (Fig.  50)  noted  were  slight  improvements  in  the 
throttling  range  and  resonating  characteristics. 

Conclusions  derived  from  these  tests  led  to  the  procure¬ 
ment  of  tooling  'ind  manufacture  of  a  close-tolerance  smooth  tub¬ 
ular  turn  to  replace  the  mitered  sections  of  the  tailpipe  tiirn. 
It  was  constructed  of  Haynes  25(L605)  and  will  be  used  both  as 
a  component  for  combustors  in  further  development  testing  and 
for  the  combustor  durability  test  program.  Close  tolerances 
were  required  for  the  turn,  primarily  because  the  major  source 
of  combustor  failure  is  due  to  the  pressure  stress  reversals 
which  occur  at  the  engine  operating  frequency  of  approximately 
120  cps.  If  the  engine  is  not  quite  round  in  cross  section  to 
start  with,  there  is  an  increasing  tendency  for  the  shell  to 
ovalize  cyclically  with  eventual  fatigue  failure  appearing  as 
longitudinal  cracks. 

Another  config^iration  which  is  interesting  from  the  view¬ 
point  of  compactness  is  the  1.5  turn  Pulse  Reactor  illustrated 
in  Figure  38,  niunber  (li).  Construction  of  this  combustor  is 
somewhat  difficult  in  that  the  mitered  section  construction  has 
not  proven  entirely  successful,  and  tooling  to  Provide  a  full 
size  smooth  turn  would  be  quite  costly. 

2.6.2  Ma^or  Changes  _in_Pulse__Reactor_Configu rations 

Results  of  Hiller  company-sponsored  application  studies 
of  Pulse  Reactor  lift-propulsion  systems  as  applied  to  various 
air  vehicles  indicate  a  need  for  Pulse  Reactors  that  are  es¬ 
sentially  horizontal  tubes,  but  which  exhausL  from  short  air  in¬ 
let  and  jet  outlet  pipes  arranged  so  that  the  jet  efflux  will 
exit  pointing  vertically  downwards,  somewhat  as  typified  in 
Figure  38,  number  (2,).  The  French  jet  engine  company,  SNECMA, 
has  had  actual  test  experience  with  several  of  the  components 
illustrated  in  Figures  (plances)  6-1,  6-2  and  6-3  of  Appendix  I. 


26 


This  experience  gave  strong  support  to  the  belief  that  one 
or  more  combinations  of  these  combustors  and  short-coupled 
outlet  turns  would  be  highly  promising.  The  target  was  to 

(1)  accomplish  sharp  turns  in  the  outlets  of  the  combustor, 

(2)  obtain  improved  thrust  specific  fuel  consumption  and 

(3)  obtain  improved  thrust-to-volume  ratio.  The  results  of 
the  initial  phase  of  the  SNECM/'.  program  are  reported  in 
Appendix  I  entitled  "Test  Report  on  New  Types  of  Pulse-Reactors 
Developed  for  Hiller  Aircraft  Corporation"  by  Pierre  Servanty, 
Chief  of  the  Experimental  Propulsion  Department  of  the  SNECMA 
Company. 
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3.  THRUST  AUGMENTER  DEVELOPMENT 


The  e.-jector-type  thrust  augmenters  adapted  to  the  intermittent  jet 
have  shown  exceptional  performance.  As  described  in  References  1  and 
2,  the  intermittent  jet  thrust  augmenter  is  superior  in  performance  as 
well  as  being  relatively  much  smaller  in  diameter  and  shorter  in  length 
than  the  typical  single  central  nozzle  steady  flow  ejector.  For  ex¬ 
ample,  intermittent  jet  thrust  augmentation  ratios  as  high  as  2ok  have 
been  achieved  using  an  8°  divergent  augmenter  with  an  augmenter  throat 
cross-sectional-area  to  primary-jet-area  ratio  of  only  and  a  length- 
to-throat  diameter  ratio  (L/D)  of  only  1.5.  Typical  steady  flow  ejec¬ 
tors  with  single  central  nozzle,  for  example,  have  shown  maximum  thrust 
augmentation  ratios  of  about  l.i;  but  with  an  area  ratio  of  approximately 
25  or  higher  and  a  length- to-diame ter  ratio  of  5.  This  superior  perform¬ 
ance  of  the  intermittent  jet  thrust  augmenter  is  explained  by  consider¬ 
ing  the  energy  exchange  process  between  the  primary  jet  and  the  second¬ 
ary  fluid.  From  flow  visualization  studies  (References  2  and  12)  it  is 
apparent  that  this  process  involves  pressure  exchange  between  the  waves 
created  by  the  jet  interface  as  it  moves  through  the  augmenter,  and  the 
secondary  fluid.  The  basic  research  on  intermittent  jet  thrust  augment¬ 
ation  is  being  accomplished  under  Contract  Nonr  3082(00).  In  addition 
to  its  high  augmentation  performance,  the  intermittent  jet  thrust  aug¬ 
menter  has  the  effect  of  reducing  the  jet  wake  velocity  and  temperature 
to  approximately  200  ft/sec  and  2Q0°F  at  seven  combustor  tailpipe  exit 
diameters  (8.5”  dia)  aft  of  the  tailpipe  exit,  i.e.,  at  five  feet  from 
the  combustor  jet  outlets  in  the  case  of  the  HS-IB  configuration  whose 
tailpipe  jet  wake  temperature  distribution  is  shown  in  Fig.  A-35  of 
Reference  1. 

3 . 1  Augmenter  Inlet  Flare 

The  general  rule  for  augmenter  construction  has  been  to  use  an 
augmenter  inlet  flare  of  generous  radius.  In  order  to  determine  how  small 
the  flare  radius  could  be  without  a  significant  sacrifice  in  performance, 
a  range  of  miniature  pyrex  glass  augmenters  was  tested  using  the  inlet 
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(approximately  0.85"  i.d.  )  of  the  C-1  miniature  valveless  pulsejet  com¬ 
bustor  as  the  primary  jet.  Figure  52  shows  the  various  flare  configura¬ 
tions  tested.  Before  each  augmenter  was  tested,  the  fuel  flow  rate  to 
the  combustor  was  adjusted  to  give  the  same  predetermined  value  of  "aver¬ 
age"  combustion  chamber  pressure.  Augmenter  spacing  from  the  jet  out¬ 
let  was  varied  from  0.5"  to  2.5".  Figure  55  shows  the  results  of  this 
test.  The  8°  divergent  cylinder  with  no  radius  oi-  lip  flare  beyond  the 
tube  thickness  of  0,05"  showed  a  drag  rather  than  a  thrust.  This  cor¬ 
responds  with  the  average  negative  gage  pressures  along  the  inside  of 
the  augmenter  wall  observed  in  other  tests.  The  superior  performance 
of  the  divergent  augmenter  with  a  moderate  lip  radius  over  the  cylind¬ 
rical  augmenter  with  a  similar  lip  must  be  explained  then  by  an  improved 
flow  pattern  and  pressure  distribution  over  the  lip  flare. 

It  is  surprising  to  note  that  ti^ere  is  such  little  variation  in 
thrust  over  the  range  of  lip  flares  of  0.1"  to  1.0"  radius  at  each  spac¬ 
ing,  The  fluctuation  in  each  thrust  curve  can  partly  be  attributed  to 
various  imperfections  or  ridges  in  the  throats,  caused  during  spinning 
of  the  glass  augmenters, 

3.2  Spacing  Between  Augmenter  and  Conibiistor  Outlet 

Augmenter  thrust  has,  in  general,  increased  with  decreased 
spacing  between  the  tailpipe  outlet  and  the  augmenter  inlet  until  the 
plane  of  the  inlet  was  nearly  reached.  The  spacing  was  measured  from 
the  combustor  jet  tailpipe  outlet  to  a  plane  tangent  to  the  augmenter 
inlet  flare  as  shown  by  the  small  sketch  on  the  lower  right  hand  corner 
of  Figure  52.  However,  tests  at  spacings  of  leas  than  0.5"  (L/D  “  0.5?) 
were  not  made  since  the  adverse  effect  on  combustor  performance,  as  in¬ 
dicated  by  combustion  chambei’  pressure  (see  section  2.5,  page  21  for 
significance  of  this  parameter)  definitely  would  outweigh  the  increase 
in  augmenter  performance.  Figure  5U  shows  the  effect  of  lip  configur¬ 
ation  and  spacing  on  the  average  combustion  chamber  pressure.  Bearing 
in  mind  that  the  combustion  chairiber  average  pressure  is  a  good  indica¬ 
tor  of  combustor  thrust  static  performance,  we  note  that  lip  configura- 
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tions  of  small  radius  show  less  adverse  effect  on  chamber  pres si  -e 
while  the  cylindrical  augmenter  with  no  flare  causes  a  rise  in  chamber 
pressure  at  the  spacing  in  the  neighborhood  of  1  inch  (L/D  ■  1.18). 
Combining  these  results,  we  can  tentatively  conclude  that  augmenters 
with  a  lip  flare  radius  of  only  5^  of  the  minimiom  diameter  offer  as 
good  augmentation  as  those  with  larger  radii  (important  from  the  aspect 
of  space  conservation),  or  even  better  augmentation  due  to  the  fact  that 
they  may  be  coupled  to  the  combustor  with  less  spacing  and  less  of  an 
adverse  effect  on  combustion  chamber  pressure. 

There  are  three  things  which  may,  however,  modify  these  con¬ 
clusions  and  which  require  further  investigation.  First,  the  tests  were 
carried  out  with  cylindrical  augmenters  rather  than  the  better  perform¬ 
ing  divergent  augmenters.  Second,  it  is  known  that  the  natural  acoustic 
frequency  of  cylindrical  tubes  is  affected  by  the  lip  flare,  so  even 
though  all  of  the  tubes  tested  were  of  the  same  total  length  and  dia¬ 
meter,  their  "effective"  lengths  were  probably  quite  different.  Third, 
the  tests  were  conducted  with  the  inlet  end  of  the  combustor  only  and 
the  effect  of  the  presence  of  an  augmenter  at  the  tailpipe  end  was  not 
considered. 

3.3  Augmenter  Cluster  Design 

In  the  design  of  a  compact  multi-augmenter  package  it  is  de¬ 
sirable,  for  space  conservation,  to  flatten  the  walls  of  the  divergent 
augmenters  so  that  the  outlets  are  rectangular.  Problems  and  techniques 
of  construction  are  discussed  in  some  detail  in  section  7.1.  In  general, 
tests  with  these  flat  walled  augmenters  have  shown  that  there  is  a  much 
greater  structural  problem  due  to  the  pressure  load  fluctuations  on  the 
flat  surfaces  (Fig.  61).  Flat  s;irfaces  require  reinforcement;  however, 
the  augmenters  of  circular  cross-section  are  quite  satisfactory  and  can 
be  used  with  only  a  small  increase  in  package  volume. 

'i.h  Augmenter  to  Combustor  Tuning 

Tlie  effect  of  changoc  in  HS-IB  9-1"  combustor  L/D  (changes 


30 


made  by  varying  the  tailpipe  length  as  in  Figure  6)  on  thrust  augment¬ 
ation  are  shown  in  Figures  7-12  inclusive.  In  Figure  8  it  is  impor¬ 
tant  to  note  that  at  low  fuel  flow  rates  the  augmentation  ratio  varies 
widely.  During  these  tests  the  augmenter  dimensions  were  not  varied  to 
tune  the  augmenter  to  the  combustor,  so  these  curves  do  not  represent 
the  best  augmentation  ratio  for  each  combustor  L/D.  Another  possibil¬ 
ity  suggested  by  these  curves  is  that  the  combustor  may  be  tuned  to  the 
augmenter  by  varying  the  combustor  L/D.  This  approach  is,  however,  some- 
\diat  liriiited  by  the  effect  on  Tsfc  and  thrust- to- volume  ratio  if  not  by 
the  resonant  combustion  geometry  requirement  itself.  Additional  work 
has  been  done  which  will  give  further  insight  into  the  relation  between 
combustor  geometry  and  augmentation  capabilities. 

The  results  of  a  program  of  augmenter  tuning  for  an  HH(5.2^")-5 
90°  combustor  are  shown  in  Figures  5^  and  $6,  Figure  55  is  a  plot  that 
shows  the  effects  of  exhaust  augmenter  throat  diameter  and  augmenter 
length- to-diameter  ratio  on  total  Pulse  Reactor  thrust.  Inlet  augment¬ 
er  configuration  was  not  changed  during  the  test.  The  results  show  that 
the  augmenter  with  a  throat  diameter  of  9»625”  gives  the  best  performance 
of  the  four  that  were  tested.  Furthermore,  it  shows  that  there  is  little 
difference  in  the  over-all  engine  performance  when  the  L/D  of  the  tail¬ 
pipe  augmenter  is  varied  from  1.0  to  2.0.  An  augmenter  of  9«25"  dia¬ 
meter  was  also  tested  but  not  plotted,  since  in  the  region  of  augmenter 
lengths  of  interest,  its  performance  was  very  similar  to  that  of  the 
11.5’*  diameter  augmenter.  Figure  56  shows  the  effect  of  both  tailpipe 
thrust  augmenter  throat  diameter  and  augmenter  L/D  on  over-all  engine 
performance  in  terms  of  corrected  thrust- specific  fuel  consumption,  Tsfc, 
for  a  single  fuel  flow  rate.  Here  again  the  tailpipe  thrust  augmenter 
of  9.625"  throat  diameter  was  the  best  of  the  four  sizes  tested.  Low 
Tsfc  is  achieved  at  augmenter  L/D's  between  about  0.7  and  2.0  with  rel¬ 
atively  small  cyclic  variations  with  varying  L/D  ratio.  Figure  57  is  a 
plot  of  thrust  versus  fuel  flow  rate  for  one  of  the  best  combinations 
with  dimensions  as  indicated  on  the  figure.  These  excellent  results  were 
obtained  on  the  orthogonal  test  stand,  wherein  the  inlet  and  tailpipe 
ends  of  the  Pulse  Reactor  were  widely  separated  so  that  there  was  no  pro¬ 
blem  of  wave  effects  or  interference  involved. 
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li.O  MULTIPLE  ENGINE  OPERATION 


i|.l  Dual  Pulse  Reactor  Tests 

A  preliminary  test  was  made  to  determine  the  effect  of  com¬ 
bustor  proximity  on  the  operating  performance  of  HH(5.25l")"5-2  unaugment¬ 
ed  combustors.  Two  HH(5.25")-5-2  engines  were  mounted  in  an  engine 
package  similar  to  the  mounting  method  to  be  used  with  the  trailer  rig 
tests.  The  test  consisted  of  placing  the  two  combustors  (inlet  to  tail¬ 
pipe  of  adjacent  combustor)  lii  inches  apart  on  centerlines  as  showr.  in 
Figure  62.  Each  engine  was  run  alone  and  data  was  recorded  for  fuel 
flow  rate,  combustion  chamber  average  pressure  and  thrust.  The  engines 
were  then  run  simultaneously  as  a  unit  and  the  total  thrust  and  fuel 
flow  rate  were  recorded.  The  chamber  pressure  of  each  engine  was  again 
recorded.  From  the  test  data,  two  curves  of  thrust  vs.  fuel  consumption 
were  plotted  as  shown  in  previously  referenced  Figure  63.  The  dashed 
line  is  the  sum  of  the  individual  thrusts  of  each  engine j  whereas,  the 
solid  line  is  the  measured  combined  thrusts  of  the  two  engines  running 
simultaneously.  Close  agreement  between  these  two  thrust  curves  shows 
that  there  is  no  appreciable  loss  of  thrust  due  to  combustor  proximity 
for  this  particular  mounting  configuration. 

Since  the  U-shaped  combustors  run  essentially  as  well  in  a 
dual  combustor  arrangement  as  they  do  separately,  it  may  then  be  assumed 
that  any  reduction  in  performance  as  compared  with  the  orthogonal  arrange¬ 
ment  is  primarily  due  to  the  proximity  of  the  inlet  and  tailpipe  outlets 
of  the  same  engine,  as  well  as  the  lesser  effect  of  the  extent  of  tiim- 
ing  (180*^  or  more  as  compared  to  90°),  rather  than  interference  between 
adjacent  combustors. 

h • 2  Multiple  Miniature  Engine s 

The  investigation  of  multiple  miniature  pulse  reactors  in  a 
companion  program  is  described  in  the  preceding  section  1.3.2.  Infor¬ 
mation  from  that  program  about  the  operation  of  multiple  miniature 
engines  has  been  fed  into  the  program  for  full-sized  engines  ,  In  gen¬ 
eral  there  is  sufficient  evidence  to  indicate  that  multiple  engines  can 
be  operated  in  close  proximity  without  a  performance  penalty  if  the  engines 
are  arranged  in  a  straight  line  or  row. 
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$.  PULSE  REACTOR  SUBSYSTBIS 


Supporting  developments  which  are  necessary  for  the  success  of  the 
Pulse  Reactor  program  are  the  developments  concerned  with  the  engine  ac¬ 
cessory  elements.  Of  particular  importance  is  the  Pulse  Reactor  Control 
system  which  comprises  an  automatic  starting  sequence,  a  flame-up  limit¬ 
er,  a  re-start  sequence,  and  a  shut-down  sequence.  Monitoring  the  com¬ 
bustion  chamber  average  pressure  provides  an  excellent  means  of  check¬ 
ing  combustor  performance  and  also  provides  a  good  method  of  handling 
automatic  engine  start  control.  For  exai!^le,  in  the  automatic  engine 
start  sequence,  the  fuel,  ignition  and  starting  air  ah’s  turned  on  simul¬ 
taneously  (Figs.  65  and  66).  If  resonant  combustion  with  accompanying 
pressure  rise  does  not  occur,  the  lack  of  a  positive  signal  from  a  fast¬ 
acting  pressure  switch  causes  the  fuel  and  ignition  to  be  shut  off. 

The  starting  air  is  also  shut  off  following  a  brief  time  lag  which  purges 
the  combustor  of  unburned  fuel.  After  a  pre-set  time  delay  the  start 
sequence  may  be  automatically  repeated. 

Another  feature  of  the  automatic  control  system  that  is  under  de¬ 
velopment  is  a  system  designed  to  prevent  flame-ups  following  engine  shut¬ 
down.  These  flame-ups  are  caused  by  stored  heat^  jfrom  the  engine  shell 
which  vaporizes  fuel  in  the  fuel  nozzles  and  lines  near  t^be  nozzles. 

This  causes  fuel  vapor  to  enter  the  combustion  chamber  where  it  may  be 
ignited  by  the  still  hot  combustion  chamber  walls.  The  problem  is  al¬ 
leviated  in  the  shut-off  procedure  as  follows;  a  three-way  valve  is  used 
so  that  when  the  fuel  flow  is  shut  off,  air  is  introduced  into  the  last 
foot  or  so  of  the  fuel  line  in  order  to  purge  the  line  of  fuel.  When 
this  is  done  in  the  proper  sequence,  and  with  the  correct  air  pressure, 
a  smooth  shut-down  sequence  is  achieved.  The  ma,1or  nroblem  at  the  pres¬ 
ent  time  is  in  procuring  reasonably  compact,  leak-proof,  three-way  valves 
of  the  proper  size  and  speed  of  operation. 

As  previously  noted  in  section  2.5,  the  combustion  chamber  average 
pressure  is  an  excellent  indicator  as  to  engine  internal  operation  and 
performance,  and  it  differentiates  between  (a)  proper  resonant  combus- 
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tipn  which  occurs  with  an  average  positive  combustion  chamber  pressure, 
and  (b)  a  '•blow-torching"  type  of  combustion  that  sometimes  occurs  with 
ramjet  and  turbojet  engines,  in  which  case  the  combustion  (as  is  typical 
of  steady-flow  combustion  processes)  is  accompanied  by  a  pressure  drop 
in  the  combustion  chamber.  The  use  of  average  engine  combustion  chamb¬ 
er  pressure  to  monitor  pulse  reactor  engine  internal  performance  is  far 
superior  to  the  use  of  engine  temperatures  because  of  the  way  in  which 
it  differentiates  between  these  two  kinds  of  combustion.  The  time  de¬ 
lay  feature  is  not  used  in  the  restart  cycle  portion  of  the  sequence. 

As  currently  set  up,  if  there  is  a  blow-out  during  combustor  operation, 
the  engine  automatically  recycles  by  turning  on  starting  air  aid  spark. 
This  recycle  time  may  be  extremely  brief  (as  brief  as  a  few  milli¬ 
seconds)  and,  in  fact,  it  may  not  be  audible  to  observers.  The  use  of 
a  flashing  light  to  indicate  a  restart  cycle  has  been  used  to  observe 
restarts  during  operation.  The  control  box  that  was  used  to  demonstrate 
operation  is  shown  in  use  in  Figure  6?  on  the  engine  static  thrust  stand 
for  operation  of  the  heavy  duty  L-605  combustor  that  is  shown  in  Figure 
99.  For  the  purpose  of  testing  the  automatic  restart  control,  a  blow¬ 
out  condition  was  simulated  by  rapid  "off-and-on"  action  of  the  fuel 
flow  solenoid  valve.  Follo>ri.ng  this,  a  more  realistic  technique  was 
used  to  simulate  a  sudden  "engine-out"  condition.  The  resonant  engine 
operating  cycle  was  interrupted  by  sudden  brief  blockage  of  the  air  in¬ 
let.  In  this  case  the  fuel  flow  rate  to  the  combustor  remained  essen¬ 
tially  unchanged,  causing  a  tendency  to  flood  the  engine,  but  the  sudden 
brief  blast  of  starting  air  gave  consistent  automatic  re-starts. 


6.  FORWARD  FLIGHT  PERFORMANCE  OF  PULSE  REACTOR  LIFT  ENGINES 


The  forward  flight  performance  program  for  the  Pulse  Reactor  en¬ 
gines  consisted  of  three  phases?  (a)  connected-pipe  tests;  (b)  the 
trailer  test  rig  program;  and  (c)  preparation  for  a  wind  tunnel  pro¬ 
gram.  For  these  phases,  Pulse  Reactors  in  the  medium  size  range,  as 
typified  by  the  5-lA''  diameter  type  and  -6,  were  used. 

Considerations  of  optimum  thrust- to- volume  ratio  placed  the  upper  re¬ 
striction  on  Pulse  Reactor  size,  while  fuel  injection  system  miniatur¬ 
ization  and  performance  problems  placed  the  lower  limit.  The  5-l/U” 
size  engine  was  a  compromise  which  provides  an  improved  thrust-to-vol- 
ume  ratio  from  size  reduction,  but  which  was  large  enough  to  avoid  the 
fuel  system  problems  associated  with  miniature  engines. 

6.1  Connected- Pipe  Tests 

Initial  tests  of  the  Pulse  Reactor  forward  flight  character¬ 
istics  were  conducted  using  the  fixed  Hiller  air  supply  system  consist¬ 
ing  of  five  Allison  aircraft  superchargers  connected  in  parallel  and 
driven  by  Ford  industrial  engines.  A  pair  of  h"  diameter  HS-1B(0.19) 
Pulse  Reactors  (Fig.  68)  was  selected  as  being  the  largest  the  air  sup¬ 
ply  equipment  could  handle.  Shrouds  and  nozzles  for  this  test  rig 
were  designed  and  constructed  to  provide  axial  flow  (Figs.  69  and  70) 
and  cross  flow  to  the  paired  Pulse  Reactors.  Static  check-out  tests 
of  the  ii”  diameter  combustors  revealed  performance  so  marginal  that  a 
series  of  modifications  was  made  in  an  effort  to  improve  primarily  the 
strength  of  resonant  combustion  and  the  throttling  range,  and  second¬ 
arily,  the  maxjjnum  thrust  and  thrust-specific  fuel  consumption.  These 
modifications  were  only  partially  successful  and  it  appeared  that  the 
i;”  diameter  combustor  was  affected  by  the  miniaturization  problem  of 
maintaining  effective  and  efficient  fuel  injection.  Distortion  and 
deterioration  of  the  mitered  U-turn  section  also  contributed  to  the 
performance  problem. 

Rather  than  retard  the  other  aspects  of  the  Pulse  Reactor 
Program  to  undergo  an  extensive  investigation  of  these  problems  at  that 
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time,  on  this  size  engine,  the  connected-pipe  tests  were  temporarily 
set  aside,  but  some  valuable  information  was  gained  from  these  tests 
when  the  air  flow  rate  through  a  single  engine  operating  within  the 
shroud,  was  measured.  The  air  supply  was  only  adequate  to  provide  a 
simulation  of  static  operation  of  a  single  engine.  The  results  agreed 
fairly  well  with  similar  data  for  very  small  engines  and  revealed  that 
the  Pulse  Reactor  provided  about  six  pounds  of  thrust  per  pound  of  air¬ 
flow  per  second.  However,  it  is  expected  that  properly  operating  Pulse 
Reactor  engines  will  provide  as  much  as  12  pounds  of  thrust  per  poxind 
of  air-flow.  This  is  based  on  the  fact  that  the  li-inch  diameter  com¬ 
bustors  were  only  operating  at  about  one-half  of  normal  combustion 
chamber  pressure.  Subsequent  performance  development  of  the  5-l/li"  dia¬ 
meter  combustor,  which  resulted  in  the  HH(5.290“5»“6  and  -7  shell  geo¬ 
metries  and  improved  fuel  nozzles,  has  now  made  it  possible  to  build  4" 
and  smaller  diameter  combustors  so  that  it  will  be  practicable  in  the 
future  to  use  the  connected- pipe  test  technique. 

6.2  Trailer  Test  Rig  Program 

An  important  aim  of  the  current  Pulse  Reactor  test  program 
was  to  detemine  the  effect  of  the  performance  of  the  lift  engine  as 
it  moves  from  the  hovering  condition  through  speeds  sufficient  to 
achieve  transition  to  wing  lift.  An  effective  and  relatively  inexpen¬ 
sive  method  was  conceived  for  investigating  the  hovering  and  low-speed 
performance  range,  which  consisted  of  towing  a  trailer  test  bed  on 
which  the  Pulse  Reactors  are  mounted.  Figure  71  illustrates  the  con¬ 
cept  of  the  trailer  test  rig  on  which  from  two  to  six  Pulse  Reactors 
of  the  diameter  size  can  be  tested.  A  very  important  function 

of  the  trailer  test  program  was  emphasized  by  NASA  engineers  who  pointed 
out  that  the  most  important  transition  trends  and  problem  areas  for 
most  VTOL  lift-propulsion  systems  have  become  evident  (even  though  not 
necessarily  maximized)  by  the  time  a  forward  speed  of  $0  to  60  knots 
has  been  attained.  The  Pulse  Reactor  trailer  test  program  also  pro¬ 
vided  further  opportunity  to  gain  experience  in  operating  the  engine 
test  package  with  its  instrumentation.  From  this  experience,  the 
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incidence  of  delays  due  to  equipment  malfunction  and  personnel  errors 
during  the  later  wind  tunnel  prograiri  should  be'  reduced . 

The  airflow  pattern  of  the  trailer  test  rig  and  towing  vehicle 
was  checked  in  a  brief  preliminary  flow  visualisation  test  in  the  Hiller 
Aircraft  water  tunnel  (Fig.  72).  The  water  tunnel  tests  indicated  that 
there  should  be  relatively  little  disturbance  on  the  Pulse  Reactors  in 
the  pod  liien  attached  to  the  test  fixture  if  a  low  silhouette  towing 
vehicle  is  used.  In  order  to  expedite  the  initial  tests,  however,  a 
pickup  truck  was  used  for  a  tow  vehicle.  There  was  some  concern  about 
the  higher  silhouette  of  this  vehicle,  but  as  it  turned  out,  the  air¬ 
flow  pattern  was  marginally  satisfactory.  For  use  in  future  programs, 
a  1957  Mercedes  Benz  300  SL  sports  coupe  was  procured  after  discovery 
on  U.  S.  Government  Excess  Property  Lists  and  it  was  planned  to  modify 
this  vehicle  for  higher  speed  tests.  The  MB  300  SL  would  provide  a 
very  well  stream-lined  tow  vehicle. 

Figure  73  shows  details  of  the  trailer  rig  and  its  associated 
equipment,  while  Figure  7I4  is  a  close-up  of  the  force-balance  mechanism 
which  is  shown  schematically  in  Figure  75.  This  unit  contains  three 
Hagan  pneumatic  null-balance  thrust  cells  which  were  used  to  measure 
thrust  and  drag  and  to  calculate  the  pitching  moment.  The  direct  lift 
and  pitching  moment  loads  were  taken  on  two  single-acting  No.  30  Thrust- 
orq  units  and  the  thrust-drag  loads  taken  on  a  double-acting.  No,  12 
Thrustorq  unit,  A  Ratio  Totalizer  was  used  to  automatically  take  the 
difference  between  the  two  vertical  loads  in  order  to  give  the  result¬ 
ant  static  lift  force. 

Parameters,  in  addition  to  the  Pulse  Reactor  thrust  and  pitch¬ 
ing  moment,  which  were  observed  and  recorded  during  each  test  run  includ¬ 
ed  the  followings 

a.  Individual  Pulse  Reactor  combustion  chamber  average  pressure. 

b.  Static  and  total  pressures  of  the  free  air  stream  at  three 
points  ahead  of  the  shroud, 

c.  Fuel  flow  rates  to  each  engine. 

Figure  76  shows  the  panel  for  control,  direct  monitoring  and  photograph- 
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ically  recording  data. 

Considerable  study  was  given  to  the  problem  of  data  record¬ 
ing  equipment.  A  digital  type  system  was  finally  selected,  with  system 
engineering  and  design  by  the  DYMEC  division  of  the  Hewlett-Packard 
Company  in  Palo  Alto,  California.  A  schematic  of  the  system  is  shown 
in  Figure  77.  This  system  satisfies  all  the  minimum  requirements  for 
the  program  as  well  as  having  the  advantages  of  relatively  low  cost, 
fast  response,  conversion  of  signal  inputs  to  an  engineering  unit  read¬ 
out  in  some  cases,  adequate  accuracy  and  resolution',  expandable  to  more 
channels  at  smaJLl  cost  per  addi+ional  channel,  completely  automatic, 
and  provides  immediate  indication  cf  test  results.  The  transducers  con¬ 
sist  of  thermocouples  for  temperature  measurement  and  a  Scanivalve  for 
pressure  measureinents .  The  Scanivalve  is  a  mechanical  valve  which 
sequentially  exposes  the  pressure  taps  or  lines  to  a  single  pressure 
transducer  at  a  rate  of  up  to  ijB  channels  per  second,  thus  eliminating 
the  need  for  a  separate  and  costly  transducer  on  each  line.  The  sequenc¬ 
ing  of  the  Scanivalve  is  automatically  synchrcnized  to  the  scanners  of 
the  DYMEC  recording  system.  Until  the  DYMEC  system  is  completed,  basic 
data  indication  and  recording  must  be  accomplished  by  recording  of  fuel 
flow  rates  on  a  Foxboro  pen  recorder  and  photographing  the  gages  and 
instruments  mounted  in  the  control  console  on  the  pick-up  truck  as  shown 
in  Figure  76. 

The  trailer  test  program  began  with  tests  of  a  dual  Pulse 
Reactor  package  as  indicated  in  Figure  78.  Two  U-shaped 
combustors  with  augmenters  were  mounted  on  the  trailer  with  a  vertical 
thrust  axis.  The  performance  of  this  package  as  tested  on  the  static 
thrust  stand  is  shown  in  Figure  The  trailer  test  program  was 

planned  to  eventually  culminate  with  tests  of  a  Pulse  Reactor  package 
of  six  engines  (Fig.  2),  The  pair  of  unshrouded  engines  were  tested 
first  in  order  to  determine  the  effect  of  cross-flow  on  engine  per¬ 
formance.  The  trailer  test  rig  is  shown  in  operation  in  Figure  80  on 
the  Moffett  Field  runway.  The  effect  of  forward  speed  is  revealed  in 
Figure  6I.  The  important  improvement  in  performance  at  low  speeds  is 
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explained  in  terms  of  the  reduction  of  recirculation  of  exhaust  gases 
as  the  engines  translate  from  the  hovering  situation  (Figure  82). 

Following  the  tests  of  the  pair  of  engines  in  the  un shrouded 
condition,  the  engines  were  placed  in  a  shroiid  assembly  as  shown  in 
Figures  83,  81i,  86  and  87.  In  this  situation  the  inflow  air  was  forced 
to  enter  from  the  top  of  the  package.  The  performance  was  further  im¬ 
proved  as  shown  in  Figure  85.  The  engines  whose  performance  is  re¬ 
ported  here  were  not  the  same  as  the  engines  uhose  performance  is 
reported  in  Figure  81,  The  major  differences  in  the  engines  were  dis¬ 
cussed  in  the  preceding  section  2.)^,  As  indicated  therein,  the  main 
reasons  for  development  of  the  -6  and  configurations  were  to  improve 
the  starting,  the  stability  of  operation  and  ease  of  re-start  on  the 
trailer  test  rig.  However,  as  previously  discussed  in  section  2.1i, 
the  total  thrust  and  the  Tsfc  were  improved  coincidental  to  improve¬ 
ment  in  the  other  features  mentioned. 

A  feature  built  into  the  trailer  test  rig  is  that  of  tilting 
the  engine  test  package.  This  feature  is  illustrated  in  Figures  86,  88 
and  89.  Either  a  nose-up  or  nose-down  angle  can  be  set,  up  to  l5°  nose 
up  and  30°  nose  down,  in  order  to  simulate  various  VTOL  approach  and 
transition  situations. 

6 . 3  Demons trat ion  of  Operation  over  Dry  Hay  Field 

The  results  of  a  very  brief  check-out  test  to  demonstrate  the 
operation  of  the  Pulse  Reactor  trailer  test  rig  (at  a  fuel  flow  rate  of 
approximately  250  pph)  when  moving  across  a  dry  hay  field,  are  shown  in 
Figures  88  and  89.  In  order  to  get  the  engine  within  three  feet  of  the 

ground,  the  rig  was  tilted  downward  at  about  30°.  Although  the  basic 

design  of  the  rig  would  permit  it,  time  did  not  permit  lowering  of  the 
engine  package  to  this  level  in  the  horizontal  position.  However,  the 
lower  augmenter  centerlines  were  within  about  2-1/2  to  3  feet  above  the 
ground  and  it  was  noted  that  there  was  no  indication  at  all  of  any  ten¬ 
dency  to  igriite  the  dry  hay.  In  fact,  by  using  the  typical  Pulse  Reactor 

wake  temperature  distribution  information  in  Figure  A-35  of  Reference  1 
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(for  an  HS-IB  size  engine)  and  applying  it  to  the  scale  of  the  smaller 
HH5.25-7  engine,  it  is  estimated  that  the  maximum  temperature  may  be 
as  low  as  about  l40°F  at  2-1/2  to  3  f ee c  above  ground.  Although  three 
feet  above  the  ground  may  be  quite  adequate,  based  on  various  VTOL 
aircraft  design  and  operational  requirements,  this  indicates  that  the 
lift  system,  i.e.,  thrust  augmenter,  outlets  may  be  placed  much  closer 
to  the  ground  without  danger  of  igniting  dry,  dibrous  material  on 
exposure  to  the  jet  wa.ke  or  downwash.  This  illustrates  the  suitabil¬ 
ity  of  the  Pulse  Reactor  for  military  operation  in  the  field  over 
rough  and  difficult  terrain  that  might  be  encountered  under  realistic 
operational  conditions . 
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7.  PUISE  RE^.CTOR  DURABILITY  AND  MATERIALS 


The  selection  of  materials  and  construction  techniques  for  the  Pulse 
Reactor  is  a  problem  of  compromise  between  durability  requirements  and 
weight  penalties.  The  cyclical  pressure  loads  and  temperatures  definite¬ 
ly  are  the  factors  which  affect  the  fatigue  life  of  the  various  com¬ 
ponents.  The  combustor  is  the  most  crucial  area  end  several  novel  tech¬ 
niques  and  promising  materials  were  investigated,  at  least  in  a  prelim- 
inaiy  manner.  The  augmenter  problem  has  been  successfully  handled  with 
the  use  of  plastics  and  fiberglas  sandwich  construction.  Reduction  in 
size  of  the  Pulse  Reactor  has  also  proven  to  be  helpful  in  the  attack 
on  weight  and  durability  problems. 

7.1  Augmenter  Materials  and  Construction 

Augmenter  wall  temperatures  typically  run  in  the  range  of  300°F 
or  less,  which  opens  the  possibility  of  using  a  wide  rsinge  of  materials. 
Plastics,  fiberglas  and  honeycomb  structures  received  considerable  at¬ 
tention  because  they  satisfy  the  structural  reqiiirements  and  permit  in¬ 
expensive  construction  methods  and  techniques.  High  internal  daimping 
and  reduction  of  noise  and  vibration  transmission  make  them  even  more 
attractive.  As  described  in  reference  1,  two  inlet  th.  ust  augmenters  of 
8°  included  angle  of  divergence,  with  a  throat  diamete.,  of  li;  inches  and 
length  of  i;0  inches  were  constructed  of  fiberglas  laminate  and  a  1/2  inch 
thickness  of  fiberg].as  honeycomb  (Fig.  59 )«  Many  hours  of  testing  in 
conjunction  with  the  9-1"  diameter  HS-IB  have  indicated  an  excellent 
abili+y  to  accept  the  loading  and  temperattures  involved.  A  third  aug¬ 
menter  of  aluriiinum  '•Multi-wave"  core  material  was  constructed  and  has 
been  operated  for  a  total  of  i;6  hours  with  no  structural  failures.  The 
combination  of  fiberglas  skin  and  "Multi-wave"  core  construction  yielded 
an  augmenter  which  weighed  8  lbs,  and  contributed  96  pounds  of  thrust, 
giving  a  nominal  thrust- to-weight  ratio  of  12,  for  the  augmenter  alone. 

Figure  60  shows  a  cluster  of  augmenters  for  the  Hn(5.25")-5  com¬ 
bustor  which  was  constructed  from  high  temperature  "Sta-Foam"  polyure- 
thane  plastic  foam  (approximate  density  of  1.5  Ib/ft  )  and  covered  with 
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fiberglas  cloth  and  epoxy  resin  820.  The  approximate  weight  for  the 
cluster  without  the  covering  was  ii.5)  lbs.  The  weight  is  aporoximately 
doubled  with  a  single  fiberglas  covering  when  using  a  "B-stage"  mold 
technique  with  oven  cure,  but  the  weight  goes  higher  when  using  a  ’’cold 
layup"  technique  on  initial  models.  The  final  weight  for  the  cluster 
shown  is  12.6  lbs,,  a  nominal  thrust- to-weight  ratio  of  13.  This  unit¬ 
ized  geometry  possesses,  in  general,  sufficient  rigidity  and  strength 
such  that  several  units  may  be  placed  adjacent  to  each  other  to  form  a 
larger  integral  Pulse  Reactor  lift  package. 

Testing  of  tne  poljnirethane-f iberglas  augmenters  indicated 
that  the  natural  bond  between  the  inner  fiberglas  skin  and  the  plastic 
foam  was  not  strong  enough  to  endure  the  fluctuating  pressure  loads  in 
the  case  of  a  flat-walled  augmenter  fe.g..  Fig.  6l).  Failure  of  the 
type  shown  in  Figure  61,  center  photo,  occurred  in  less  than  four  min¬ 
utes.  A  possible  remedy  to  this  problem  is  to  increase  the  contact 
surface  area  between  the  high  strength  inner  skin  and  the  foam.  By 
laying  up  the  inner  shell  first  and  then  bonding  to  it  either  chopped 
glass  roving  or  a  thin  layer  of  honeycomb  material,  the  polyurethane 
may  then  be  foamed  into  place,  greatly  increasing  the  bond  surface  area. 
From  all  indications,  however,  the  augmenters  of  circular  cross  sec¬ 
tion  will  prove  successful  in  all  aspects  with  the  materials  and  tech¬ 
niques  currently  at  hand. 

7.2  Combustor  Durability 

The  combustor  durability  problem  has  been  approached  from 
several  different  directions.  Combustor  shell  geometry  changes  which 
gave  improved  performance  in  terms  of  thrust- to- volume  ratio  and  thrust 
specific  fuel  consumption  (Tsfe),  have  also  contributed  to  a  more  dur¬ 
able  construction.  The  use  of  cooling  fins  and  shrouds  was  partially 
investigated  imder  the  previous  development  Contract  N0a(s )59-6o53c 
(Ref.  1,  Appendix  A-i?).  The  potential  of  high  temperature  alloys  has 
also  been  investigated.  In  order  to  define  the  durability  problem, 
FigUi'e  93  i'fcpi'eweiita  the  teiupei'atui'e  die  Li'ibuLiuii  uf  the  hottest  portion 
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of  an  uncooled  i.d.  combustor  constructed  of  .O^O”  thick  17-7 

PH  stainless  steel.  A  portion  of  the  tailpipe  near  the  juncture  with 
the  combustion  chamber  operates  in  the  range  of  1800°F.  This,  coupled 
with  the  cyclically  reversing  pressure  loads,  represents  the  crux  of 
the  durability  problem.  The  major  effort,  thus  far,  has  been  the  devel¬ 
opment  of  a  light-weight  shell  of  material  and  design  which  will  with¬ 
stand  these  temperatures  without  the  added  weight  and  complexity  of  cool¬ 
ing  fins  and  shrouds. 

7.2.1  Cyclic  Pressure  and  Thermal  Stress  Loads 

The  first  critical  area  which  appeared  in  the  HS-1  type 
combustor  shell  was  the  flat  combustion  chamber  bulkhead  to  which  the 
inlet  tube  was  welded.  The  cyclically  reversing  pressure  loads  on  this 
flat  surface  caused  frequent  failures  until  this  section  was  replaced 
with  the  conical  bulkhead  as  described  in  section  2.2.2. 

In  testing  combustors  which  had  turn  sections  constructed 
of  mitered  segments,  it  became  apparent  that  stress  concentrations  in 
each  segment  would  cause  excessive  deformation  and  resultant  loss  of 
performance  as  well  as  eventual  shell  failure .  A  s  the  combustor  cross- 
section  would  become  egg-shaped,  stresses  from  the  reversing  pressure 
and  vacuum  loads  would  progressively  increase,  greatly  accelerating 
shell  failure.  Sections  have  also  shown  a  tendency  to  vibrate  when  the 
ovalizing  frequency  of  the  section  is  approximately  that  of  the  engine 
operating  frequency.  In  constructing  the  light-weight  combustor,  then, 
it  is  imperative  to  provide  a  smooth  tubular  turn  and  to  preserve  its 
circular  cross  section  by  providing  sufficient  circular  stiffness. 

Several  methods  have  been  investigated  to  preserve  the 
circular  cross-section  on  a  light-weight  shell  without  causing  undue 
additional  stress  concentrations  or  complicated  construction  problems. 

One  method  is  to  roll  circular  beads  or  corrugations  into  the  combustor 
shell.  Figure  90  shows  several  tailpipe  sections  stiffened  by  rolled- 
in  corrugations.  A  performance  test  of  the  corrugation-stiffened  tail¬ 
pipe  (Fig.  91)  revealed  little  effect  on  combustor  internal  (thrust) 
performance.  Another  method  to  preserve  circular  stiffness  is  to  braze 


thin  rings  to  the  combustor  shell  at  various  intervals  determined  by 
shell  thickness  and  diameter.  This  has  the  advantage  of  leaving  a 
smooth  internal  surface.  Several  5~l/li*'  i.d.  combustors  of  the  ’'horse- 
collar”  configuration  were  built  of  0.020"  stainless  steel,  using  the 
brazed  ring  stiffener  technique  for  light-weight  construction.  Figure 
92  illustrates  this  construction  technique. 

The  use  of  flexible  shock  mounts  has  greatly  reduced 
the  failures  which  have  occurred  due  to  stress  concentrations  in  the 
ai’ea  where  the  mount  attaches  to  the  combustor.  Thermal  expansion, 
which  tends  to  change  the  distance  between  tailpipe  and  inlet  axes, 
must  also  be  effectively  handled  with  these  mounts. 

7.2.2  Combustor  Attachment  and  Mounting 

7. 2. 2.1  Attachment  with  Rubber  Mounts 

The  engine  shock  moxmts  using  rubber  Lord 
moimts  are  shown  in  Figure  102.  There  has  been  only  one  occasion  re¬ 
quiring  replacement  of  the  rubber  Lord- type  mount  due  to  deterioration 
of  the  rubber.  This  was  required  after  about  17  houi’s  of  engine  oper¬ 
ating  time.  Replacement  was  required  because  of  breakdown  of  the 
silicone  rubber  due  to  excessive  exposure  to  radiant  heating  from  the 
hot  combustors.  The  excessive  exposure  to  radiant  heating  was  caused 
by  the  fact  that  only  60%  of  the  engine  mount  was  shielded,  A  thin 
aluminum  metal  shield  was  then  installed  to  shield  the  entire  engine 
mount,  and  to  further  minimi2,e  heat  conduction  from  the  engine  support 
to  the  Lord  mount,  standoff  spacers  were  used  at  the  four  bolt  attach¬ 
ment  points.  It  is  believed  that  this  action  will  be  adequate  to  take 
care  of  the  durability  problem  concerning  flexible  rubber  engine  mounts. 
However,  the  use  of  stainless  steel  metal  fiber  engine  mounts,  ciurrently 
available  coinmercially,  was  studied. 

A  major  improvement  in  tlie  combustor  suspen¬ 
sion  system  was  next  achieved  by  attaching  to  the  combustor  at  sections 
that  are  relatively  cool,  and  thus  stronger  than  the  hotter  soctionc. 


Furthermore,  the  attachment  points  were  then  located  at  sections  that 
are  large  in  cross-section.  Whereas  formerly  there  was  evidence  that 
most  failures  in  the  turn  sections  were  caused  by  thermal  stresses, 
this  source  of  failure  seems  to  have  been  reduced  by  the  improved  method 
of  suspension.  The  combustors  were  then  supported  by  very  soft,  flex¬ 
ible  Lord  mounts  which  permitted  relieving  of  thermal  stresses  by  al¬ 
lowing  small  changes  in  combustor  alignment.  Over  16  hours  of  running 
time  were  logged  on  a  pair  of  stainless  steel  combustors  prior  to 
structural  failures.  This  has  included  a  large  number  of  starts  and 
stops,  which  is  considered  to  be  tbe  most  severe  operating  condition. 

7.2. 2.2  Improved  Combustor  Suspension  System 

When  the  lightweight  HH-(^.25'')-7  combustors 
were  received  for  initial  checkout,  the  imcoated  shell  was  received 
first.  It  failed  within  a  few  seconds  at  the  critical  section  at  the 
juncture  of  the  '  iiilpipe  and  the  combustion  chamber  as  shown  in  Figure 
108.  Unsuccessful  attempts  were  made  to  repair  this  lapped  brazed  joint 
with  three  techniques.  First,  the  new  Aerojet  braze  gun  was  tried,  but 
it  was  designed  and  pre-set  for  a  lower  temperature  than  required  for 
this  application.  Second,  the  technique  died  TIG  brazing  was  attempted. 
This  is  quite  similar  to  tungsten- inert-gas  welding.  Instead  of  using 
braze  materials  in  a  powder  form,  the  braze  material  was  applied  in  rod 
form.  Finally,  repair  was  attempted  with  inert  gas  purgirg,  gas  torch, 
brazing  powder  and  fl\ix.  Apparently  the  initial  joint  was  faulty.  In 
any  case  attempts  to  repair  the  joint  were  unsuccessful  S5  the  section 
was  replaced  as  indicated  in  Figure  II4,  region  2.  A  section  of  0.0^0" 
thickness  was  butt-welded  to  the  adjacent  material  of  0.017"  thickness. 

As  a  result  of  the  very  rapid  initial  failur'e  of  this  lapped  brazed 
joint  it  was  decided  to  redesign  the  engine  support  mechanism  so  as  to 
permit  a  greater  differential  movement  between  the  inlet  and  tailpipe 
ends  of  the  combustor.  The  new  suspension  system,  is  shown  in  Figures 
103,  lOii,  and  10^.  It  utilizes  Hiller-modified  Robinson  shock  mounts 
that  consist  essentially  of  springs  -v^ose  motions  are  damped  with  steel 


wool.  The  new  suspension  system  is  credited  with  an  important  contri¬ 
bution  towards  engine  durability  during  the  exploratory  ^O-hoiir  durabil¬ 
ity  test  program. 

7.2.3  Detail  Design 

A  ntunber  of  ac’vances  in  engine  durability  have  been  made 
during  the  current  program.  Early  structural  failures  were  primarily 
associated  with  the  combustor  and  were  located  generally  in  two  regions: 
(a)  the  front  bulkhead  of  the  combustion  chamber  and  (b)  the  narrowest 
section,  which  is  at  the  juncture  of  the  combustion  chamber  and  the  tail¬ 
pipe.  Failures  at  the  front  bulkhead  stemmed  from  the  use  of  a  flat 
section  at  the  juncture  of  inlet  and  combustion  chamber  as  shown  in 
Figure  18.  This  flat  bulkhead  was  supported  by  the  gussets.  Failures 
occurred  as  cracks  along  the  welded  joint  formed  by  the  intersection  of 
the  flat  bulkhead  and  the  cylindrical  combustion  chamber.  A  satisfact¬ 
ory  solution  has  been  achieved  by  substituting  a  conical  section  for 
the  flat  bulkhead  and  reinforcing  gussets.  This  change  has  not  hurt 
engine  performance  in  terms  of  thrust  and  thrust  specific  fuel  consump¬ 
tion  (Section  2.2.2),  On  the  other  hand,  the  substitution  of  a  con¬ 
ical  transition  section  for  the  much  more  gradual  transition  previously 
used  to  connect  combustion  chamber  and  tailpipe  has  been  the  source  of 
a  large  improvement  in  engine  performance  (see  Section  2.2.3)  as  well  as 
an  improvement  in  combustor  durability.  The  improvement  in  durability 
may  be  attributed  to  the  increased  stiffness  of  the  conical  trans¬ 
ition  section.  However,  equal  credit  for  improvement  in  durability  of 
the  entire  U-tum  section  of  the  combustor  should  go  to  the  improved 
methods  of  combustor  suspension. 

In  order  to  construct  a  smooth  turn  with  reasonably 
circular  cross-sections  it  was  decided  to  make  the  turns  in  two  pieces 
*'on  the  half-shell”  using  a  drop-harmaer  or  press  technique.  The  mating 
halves  of  the  turn  shell  would  then  be  assembled  by  butt-welding  along 
two  longitudinal  seams.  This  job  was  performed  by  the  Tyce  Engineering 
Co,  of  Chu'la  Vista,  Cali.fornia.  The  sections  were  initially  formed  as 


indicated  in  Figure  94.  The  purpose  of  this  nearly  complete  ring  shape 
was  to  permit  variation  of  the  size  of  the  minimum  diameter  of  the  com¬ 
bustor  so  as  to  determine  the  effect  on  engine  performance  of  this 
critical  section  at  the  juncture  of  the  combustor  tailpipe  and  the  com¬ 
bustion  chamber. 

Eight  turn  sections  of  the  improved  shape  were  com¬ 
pleted  of  0.0^”  thickness.  These  heavy  duty  sections  were  primarily 
planned  for  use  in  the  trailer  and  wind-tunnel  test  programs.  They 
were  made  extra  heavy  so  as  to  reduce  the  possibility  of  breakdowns  dur¬ 
ing  wind  tunnel  operation.  By  using  the  shape  of  turn  shown  in  Figure 
9h  several  different  combustor  configurations  can  be  made  as  shown  in 
the  sketch  in  Figure  96,  The  configuration  picked  for  testing  was  des¬ 
ignated  HH(5.25")-7  (Figures  97  and  98)  and  it  incorporates  the  new 
modifications  of  inlet  taper  of  1.5°  included  angle  and  a  slightly  longer 
combustion  chamber  (12  inch)  than  the  immediately  preceding  models,  A 
complete  combustor  using  heavyweight  construction  of  HH(  5. 25*0-7  config- 
Tjration  was  fabricated  and  tested  as'  indicated  in  Figure  99.  It  was 
used  to  check  out  the  performance  (thrust,  starting,  Tsfc,  etc.)  of  the 
combustor  geometry  to  be  later  used  on  the  lightweight  combustors  for 
the  50-hour  exploratory  durability  tests. 

For  the  lightweight  combustor,  turns  of  0,017*  thick¬ 
ness  were  fabricated.  These  turns  were  reinforced  with  stiffening  rings 
that  were  attached  to  the  shell  by  furnace-brazing  as  shown  in  Figure 
100,  The  first  completed  lightweight  combustor  is  shown  in  Figtire  101. 
The  tailpipe  was  built  about  six  inches  longer  than  necessary  in  order 
to  be  able  to  "tun"  the  combustor  by  varying  the  tailpipe  length. 

7.2.4  Combustor  Shell  Material 

7. 2. 4.1  Stainless  Steel  Combustors 

Durability  and  performance  of  the  pulse  reactor 
combustors  has  been  encouraging,  even  with  the  321  and  17-7  PH  stain¬ 
less  steel  materials.  Figure  95  shows  the  first  combustor  shell  failure 
which  occurred  during  trailer  test  runs  at  Moffett  Field,  described 
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under  section  6,  after  16  hours  of  operation.  Following  the  speed  test 
runs  the  engine  was  restarted  again  statically  and  further  enlargement 
of  the  crack  was  observed  during  the  static  run.  The  crack  showed  up 
initially  as  a  small,  longitudinal  crack  about  three  inches  long.  When 
the  engine  was  restarted  statically,  it  was  allowed  to  run  for  approx¬ 
imately  3  to  li  minutes  in  order  to  observe  its  performance.  During 
this  time  the  small  crack  opened  up  as  shown  in  the  photograph.  It  is 
important  to  note  that  even  in  this  condition  the  engine  would  still 
restart  and  operate.  Thrust  performance  deteriorated  to  about  three- 
fourths  normal  for  a  flow  rate  of  about  Q0%  maximum.  The  crack  was  re¬ 
welded  and  trailer  test  runs  were  continued  in  the  same  afternoon. 

7.2,14.2  Lightweight  Combustor  Materials  and  Weights 

Design  for  a  30-hour  minimum  life  expectancy 
must  consider  cyclic  stresses  at  elevated  temperatures,  a  total  of 
about  20  million  cycles,  in  addition  to  oxidation  resistance.  This  re¬ 
quires  a  material  with  excellent  fatigue  strength  as  well  as  creep- 
rupture  strength.  Data  on  strength  properties  of*  materials  in  the  I6OO 
to  1900°F  range  is  still  rather  scarce,  but  based  on  the  information 
available,  Haynes  2$  alloy  (l60^)  was  selected  for  the  initial  durabil¬ 
ity  tests.  Advantage  is  being  taken  of  the  most  extensive  and  success¬ 
ful  past  program  of  combustor  diirability  concerned  with  resonant  combus¬ 
tion,  which  resulted  in  over  120  hours  of  continual  operation  of  a 
valved  pulsejet  engine  on  a  whirlstand  (References  8,  9  and  10).  The 
results  of  this  program  indicate  that  Haynes  2$  alloy  will  probably 
be  the  most  satisfactory  material  for  the  uncooled  Pulse-Reactor  com¬ 
bustor.  Heat  treating  after  welding  is  not  recommended  beyond  that 
idiich  occurs  naturally  as  a  result  of  engine  operation.  The  first  light¬ 
weight  combustor  (Fig.  102)  was  fabricated  using  a  brazing  compound 
that  met  the  specifications  of  MS  (like  Coast  No.  62)  but  G,  E. 

No.  81  (like  Coast  No.  60)  was  used  for  the  second  combustor.  The 
furnace  brazing  was  processed  in  accordance  with  Specification  No,  AMS 
2675  in  both  oases.  The  re-melt  temperature  of  the  second  brazing  com¬ 
pound  is  approximately  100°F  higher  than  that  used  for  the  first 


combustor.  This  may  have  been  the  margin  between  success  and  failure 
of  the  critical  joint  at  the  Juncture  of  the  tailpipe  and  the  combus¬ 
tion  chamber.  This  critical  joint  did  not  fail  on  the  second  combus¬ 
tor.  However,  there  was  another  important  difference  between  the  first 
and  second  combustors.  The  second  combustor  (Fig.  103)  was  coated  with 
a  ceramic  coating  called  Solaramic  6100A.  The  coating  job  was  per¬ 
formed  by  the  Solar  Aircraft  Company  of  San  Diego,  California. 

Weights  of  the  combustor  components  are  listed 

in  the  following  table; 

LIST  OF  WEIGHTS  OF  HH(5.  25")-’7  PULSE  REACTOR  COMBUSTOR  SHELL 
WITH  SOIA-RAMIC  COATING  AND  COMPONENTS 


Combustor  and  Nozzles 

/  1 

9,^0  pounds 

Fuel  Manifold  and  Nozzles 

.187 

Starting  Air  Nozzle 

.275 

Older  Engine  Mounts  (Lord)  and 

Aluminum  Attachments 

.97 

New  Engine  Mount  -  Robinson  Mount 
Modified  Permitting  Differential 
Expansion  (mild  steel  -  no  attempt 
at  min.  wt.  here;  estimated  weight 
reduction  to  1.0  lb) 

2.^ 

Hayden  Pressure  Switch 

.25 

Total 

11.00 

7-. 3  50  Hour  Exploratory  Durability 

Tests 

The  lightweight  HH(^.25")''7  engines  are  shown  in  Figxure  106 
as  installed  in  the  shroud  on  the  trailer  test  rig  for  the  ^0-hour  ex¬ 
ploratory  durability  tests.  Figure  10?  is  a  closeup  of  the  same  instal¬ 
lation.  The  test  program,  Including  power  settings,  etc.,  to  which  the 
combustors  were  submitted  is  listed  in  Figure  112.  The  first  failure 
occurred  in  what  was  later  determined  to  be  a  faulty  joint  in  the  un¬ 
coated  combustor.  This  situation  was  previously  discussed  in  the 
preceding  section  7.2.1^  and  pictured  in  Figure  108.  Ihe  type  and 
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position  of  major  repairs  are  listed  in  Figures  113  and  llii,  and  all 
repairs  that  were  required  are  listed  in  Figures  115  and  116.  The  most 
common  and  typical  type  of  failure  is  pictured  in  Figure  109,  which 
shows  a  fatigue  crack  developing  beneath  one  of  the  ring  stiffeners. 

Most  of  the  fatigue  failures  were  of  this  type.  Because  all  braze 
bonding  was  done  at  one  time  in  the  furnace  there  was  a  difference  in 
the  amount  of  filling  of  braze  material  beneath  the  rings,  which  con¬ 
tributed  to  the  fatigue  failures.  It  is  agreed  that  better  braze  fillets 
can  be  achieved,  particularly  if  the  combustor  is  assembled  a  section 
at  a  time,  rather  than  having  all  joints  furnace-brazed  simultaneously. 

It  is  of  particular  interest  to  note  that  no  failures  occurred  of  the 
type  that  is  considered  most  typical  of  past  experience  with  pulse jet 
type  combustors,  to  wit,  ovalizing  of  the  cross-sections  of  the  shell. 

The  use  of  stiffening  rings  completely  prevented  any  failure  of  that 
type.  However,  it  appears  that  the  rings  were  much  stiffer  than  nec¬ 
essary.  In  a  re-deslgn  it  is  proposed  to  reduce  the  height  of  the 
rings  to  about  one-half  and  to  use  only  a  very  small  flange  (1/16”)  to 
stiffen  the  outer  edge  of  the  rings .  Figure  110  shows  a  minor  fatigue 
crack  that  developed  around  the  spark  plug  boss  on  the  uncoated  com¬ 
bustor.  A  circiunferential  fatigue  crack  at  the  juncture  of  the  inlet 
tube  and  the  combustion  chamber  of  the  coated  combustor  is  shown  in 
Figure  111. 

Although  the  durability  of  the  ceramic  coated  combustor  was 
decidedly  superior  to  the  uncoated  combustor  there  was  one  noticeable 
superiority  of  the  uncoated  shell.  There  was  a  much  greater  plastic 
swelling  deformation  of  the  tube  between  the  stiffening  rings  in  the 
case  of  the  coated  combustor.  This  is  thought  to  be  due  to  the  insulat¬ 
ing  effect  of  the  outer  coating  oi  ceramic  which  apparently  causes  the 
metal  to  operate  at  a  higher  temperature  than  in  the  case  of  the  un¬ 
coated  shell.  A  design  recommendation  for  the  next  phase  is  to  exper¬ 
iment  with  a  shell  which  is  coated  on  the  inner  surface  only.  Other 
recommendations  for  re-design  are,  to  use  no  stiffening  rings  on  the 
first  90°  of  the  turn  section,  and  to  go  to  a  thickness  of  approx- 
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imately  0.030”  for  that  section  only.  This  increase  in  weight  can  be 
more  than  compensated  for  by  going  to  sections  of  only  0,010”  for  the 
remainder  of  the  tailpipe,  as  well  as  for  the  inlet  section,  and  by 
reduction  in  the  size  of  the  stiffening  rings.  The  deterioration  of 
engine  performance  due  to  shell  deformation  was  not  excessive  except 
for  the  previously  mentioned  failure  of  the  uncoated  shell.  However, 
replacement  of  the  failed  section  brought  the  engine  performance  back 
to  essentially  the  same  as  original. 

The  performance  of  the  individual  combustors  prior  to  the  $0- 
hour  exploratory  durability  tests  is  given  in  Figure  121  and  perform¬ 
ance  after  the  !?0-hour  tests  is  given  in  Figure  122.  The  performance 
of  the  dual  combustors  (without  augmenters)  is  shown  in  Figure  123  and 
the  performance  of  individual  engines  operating  with  augmenters  is 
shown  in  Figure  12lj..  This  figux'e  shows  the  effect  a  crack  in  the  coat¬ 
ed  combustor  has  on  engine  performance.  Figures  12^  and  126  permit  a 
comparison  of  the  performance  of  the  dual  engine  shrouded  package  in 
operation  on  the  trailer  test  rig  with  the  same  dual  engines  operating 
in  the  unshrouded  condition  on  the  static  test  stand.  A  comparison  of 
Figures  12^  and  126  reveals  that  there  is  not  much  difference  in  the 
performance  of  the  dual  engines  in  operation  in  the  shrouded  package 
on  the  trailer  test  rig  and  in  the  unducted  condition  on  the  static  test 
stand.  This  is  important  because  it  shows  that  the  problem  of  operation 
within  the  shroud  is  not  as  great  as  might  have  been  anticipated.  On 
the  other  hand  Figure  126  reveals  that  there  was  a  rather  poor  match 
between  the  augmenters  and  the  combustors  in  that  less  than  100^  of 
thrust  augmentation  was  achieved.  This  mismatch  was  due  to  the  fact 
that  the  augmenters  were  originally  sized  to  the  HH(3.25”)"^  combustors 
and  there  were  insufficient  funds  to  develop  a  new  set  of  augmenters  to 
match  the  -7  combustors.  Figure  120  gives  the  key  dimensions  of  the 
shrouded  package.  The  dashed  lines  on  the  inside  of  the  package  walls 
above  the  augmenters  represent  the  presence  of  fiberglas  bats  that  were 
inserted  in  order  to  determine  the  effects  of  such  material  on  wave  re¬ 
flection. 
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Measurements  od  downwash  characteristics  were  obtained  during 
the  durability  runs  in  terms  of  total  pressure  readings  and  temperature 
reading  (by  thermocouple).  Readings  at  the  outlets  of  the  augmenters 
for  average  temperatures  are  given  in  Figure  118  and  average  pressures 
in  Figure  119.  Maximum  pressure  readings  at  the  same  location  are 
given  in  Figure  120, 


6.V  RECAPITOLATION  AND  CONCLUSIONS 


1.  The  best  Pulse  Reactor  configurations  and  combinations  that 
were  tested  unaer  the  subject  contract  are  listed  in  Figure  128  and  pre¬ 
sented  in  Figures  129a,  129b,  and  129c.  In  order  to  help  evaluate  pro¬ 
gress,  specific  advances  accomplished  on  the  current  contract  are  listed 
as  follows; 

A.  Combustor  thrust/volume  ratio  increased  by  reducing  size 


(to  take  advantage  of  scaling  trend)  33% 

B.  Combustor  thrust/volume  ratio  increased  by  ’’break¬ 
through"  in  geometry  and  fuel  system  ^S% 

C.  Combustor  combined  thrust/volume  ratio  improvement  107^ 

D.  Combustor  plus  augmenters  thrust/volume  ratio  increased  80/^ 

E.  Combustor  Tsfc  (90°  configuration)  reduced  27% 

F.  Combustor  Tsfc  (180°  -  U-shaped)  reduced  295^ 

G.  Combustor  plus  augmenters  Tsfc  (90°  configuration) 

reduced  13% 


H.  Pulse  Reactor  "unitized"  twin  combustor  arrangement 

allowing  retraction  of  combustors  down  into  augmenters 

for  in-flight  storage. 

I.  Control  system  milestones  - 

(1)  Automatic  restart  cycle, 

(2)  Automatic  fuel  line  purge  at  shut-down, 

(3)  Remote  controls  for  engine  throttling,  air-start 
and  shut  down  fuel  purging. 

J.  Forward  Speed  program  - 

(1)  Trailer  test  rig  operational, 

(2)  Preliminary  tests  indicate  that  the  shrouded  engine 
package  increases  thrust  about  10^  from  static  to  a 
forv/ard  speed  of  about  63  knots. 

(3)  Instrumentation  designed  and  partially  procured  for 
multi-engine  package. 


53 


K .  Durability  - 

A  durable,  lightweight  (12:1  T/W  ratio  without  attachments)  sand¬ 
wich  type  construction  augmenter,  has  had  approximately  Iii;  hours 
operation  with  no  sign  of  structural  failure. 

A  pair  of  lightweight  HH-5.25-7  combustors  have  been  taken 
through  an  exploratory  durability  program  for  more  than  5l  hours . 

One  combustor  was  coated  with  Solaramio  6100  both  inside  and  out, 
whereas  the  other  was  uncoated.  Definitely  better  durability 
was  achieved  with  the  coated  combustor.  However,  it  is  believed 
that  better  performance  would  be  obtained  by  coating  the  inside 
surface  only. 

Recommendations  for  the  next  stage  of  a  durability  program 
include  reduction  of  the  combustor  skin  thickness  from  0.017”  to 
0.010",  in  all  regions  except  for  the  first  90*^  of  the  turn  section 
aft  of  the  combustion  chamber  where  it  is  recommended  to  remove 
the  stiffening  rings  and  increase  the  skin  thickness  to  0.02i^" 
or  0.030".  Furthermore,  it  is  recommended  that  each  alternate 
stiffening  ring  be  removed  from  the  tailpipe  section  and  that  the 
remaining  rings  be  reduced  in  stiffness  to  less  than  one-half  the 
present  value. 

2.  It  is  concluded  that  feasibility  has  been  demonstrated  in  all  crit¬ 
ical  areas,  including  starting,  rapid  control  response,  throttling  range  from 

to  full  throttle,  durability  (for  lift  engine  applications),  maintenance 
of  thrust  level  to  at  least  63  knots  forward  speed. 

3.  It  has  been  demonstrated  that  the  system  can  be  readily  scaled  over 
a  wide  range  of  geometric  sizes. 

it.  Demonstrations  have  been  conducted  that  indicate  that  the  system 
has  the  unique  capability  of  being  able  to  live  under  practically  all  rough 
terrain  conditions  without  either  setting  the  terrain  on  fire  or  being  damaged 
by  environments  such  as  brush,  trash,  sand,  mud,  slush,  etc. 

5.  The  Pulse  Reactor  system  continues  to  be  the  only  one  which,  because 
it  has  no  moving  parts,  gives  promise  of  providing  a  low-cost  lift-propulsion 
system  with  simple  low-cost  field  maintenance. 
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PULSE  REACTOR  CYCLE  DIAGRAM 
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FIGURE  ll!  H3-1B(9.1")  DIMETER  CCMBUSTOR  WITHOUT  AUGMENTERS 
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FIGURE  13 I  LONGITUDINAL  SECTION  SHOWING  "HALF  DOUGHNUT"  COMBUSTION  CHAMBER  BULKHEAD 
FOR  HS-IB  (0,33)  COMBUSTOR 
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FIGUSE  21:  5,25''  DIA.  PULSE  REACTOR  COMBUSTOR,  MODEL  HS-1B(0.33) 
>f[TH  12-LINE  FUEL  SYSTEM 
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EFFECT  OF  FUEL  NOZZLE  LOCATION  ON  THRUST  AND  SPECIFIC  FUEL  CONSUMPTION 

FIGURE  2? 
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IMTHOvHSD  PERPORMAWE  FROM  CHAROES  IN  5 
i.d.  COMBUSTOR  GEOMETRY  AND  FUEL  SYSTEM 
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combustor  geometry, 


NH(5*25")j  longer  tailpipej  longer f 
l,  Inletj  fuel  nozzles  in  inlet 

..i - ) - i - u 

I  (l»)  HH(5«25'')  Combustor; 
fuel  nozzles  inside 
combustion  chamber. 


(5)  HH(‘J«25")-5  Combustor; 
shortened  combustion 
chamber  and  tailpipe, 
fuel’  nozzles  Inside 
combustion  chamber. 
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FIGURE  CCMPARISON  OP  PERFOlflANCE^OP  VARIOUS  C0MIW9TI0N  CHAMBER  LENGTHS 
AND  INI£T  TAPER  CONPIGWRAIIONS 
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COMPARISON  OF  i-ERFOHMANOE  OF  VARIOUS  COMBUSTION  CHAMBER  LENGTHS 
ANB  INLET  I'APER  CONFIGURATIONS  AND  TAILPIPE  BEND 


MODIFICATIONS  TO  BASIC  HH 


FIGURE  j  j  CCMPARISON  OF  PERFORMANCE  OF  VARIOUS  COMBUSTION  CHAMBER  LENGTHS 
AND  INLET  TAPER  CONFIGURATIONS 


r'iulTiE  ■  ^  COMPARISON  DATA  OF  HH  S.2S-6  MODELS  IN  90°  (RIGHT-ANGUED)  CONFIGURATIONS 


TYPICAL  PULSE  REACTOR  CONFIGURATIONS 


FIGURE  38 


I 


FIGURE  39:  HS-IB  90°  PULSE  REACTOR  ON  ORTHOGONAL  THRUST  STAND 
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FIGURE  Ul!  UNITIZED  PULSE  REACTOR  LJFT  ENGINE  DISPLAY  PACKAGE  CONSISTH'IG 
OF  nVIN  COMBUSTORS,  AUGMENTERS,  AND  SHROUD  OPEN  FOR  OPERATION 
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FIGURE  m7  I  HH(5.25»')-?  combustor  WITH  BEND  LOCATED  IN  AFT  PART  OF  COMBUSTION  CHAMBER 


FIGURE  i^e:  HH(5.25")-6  COMBUSTOR  WITH  9.25"  RADIUS  MITERED  TURN  SECTION 
MODIFIED  FROM  -5  "HORSEGOLLAR"  MODEL  BY  REMOVING  BEND  IN 
COMBUSTION  CH/HBER 


FIGURE  h9:  HH(5.25")-6  COMBUSTOR  WITH  9.25"  RADIUS  MITERED  TURN  SECTION 
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[(5.25»)-5’HORSEXX)LLAlf  MODIFIED  WITH 
CILINDRICAL  COMBDSTICN  CHAMBER  AJO) 
STRAIGHT  TAILPIFE.-UNADGMSNTED 


FIGURE  50 


ON  TEST  STAND 
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CORRECTED  THRDST  SPECIPIC  FUEL  CONSUMPTION 


I  fuel  flow  rate  Ijn  pounds  per  hour 

i  6  VQ  corrected  to  standeu^d  conditions 

|i  Wp 

||  Tefc^  "  thrust  specific  fuel  consumption 
3  ^0  In  pph  per  lb  thrust  corrected 

f  to  standard  conditions 

I* 

"  i*M  i")  '-j  D,  augmenter  throat  diameter  (exhaust) 

;  >  ,  i-'  :!  I  Irilet  augmenter  dimensions  held  constant  at 

-  -j  '1'  8.25”  throat  diameter  and  22”  length 
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^  /„  _  AUGMENTER  LENGTH 

"  augmenter' THROAT  DIAMeIER 

FIGURE  56 i  EmUST  AUGMENTER  TUNING  FOR  THE  HH(5.25")-5  90°  CCMBU3T0R 


i  HH(5.25)-5  -  90  PDLSE  REACTOR 


CORRECTED  FUEL  FLOW  RATE; 
FIGURE  9? 


3  HB 


ines  tested 


DIAGRAM  OF  FUEL  AND  STARTING  AIR  SYSTEM 


FIGURE  67:  BOXES  IN  FOREGROUND  CONTAIN  AUTOMATIC  AND  Safl-AUTGMATIC  CONTROL 

SlSTafS  FOR  PULSE  REACTOR  START,  FUEL  CONTROL  AND  RE-START  SEQUENCES 


FIGURE  73:  TRAII^IR  TEST  RIG  WITH  ACCESSORY  EQUIPMENT 


•'•i  .  *  r  - '  • 


FIGURE  7ht  pulse  REACTOR  LIFT,  DRAG,  AND  PITCHING  MOMENT 
BALANCE  MECHANISM  FOR  TRAILER  TEST  RIG 


FIGURE  76:  PULSE  REACTOR  CONTROL  CONSOLE  FOR  TRAILER  TEST  RIG 
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FIGURE  7^:  BLOCK  DIAGRAM  OF  DIGITAL  DATA  CONVERSIOM  AND  RECORDING  STSTQf 


FIGUK"  dO:  TRAILER  TEST  RIG  IN  OPERATION  ON  MOFFETT  FIELD  RUNWAY 
25  JANUARY  1962. 


FIGURE  83:  HJISE  REACTOR  TRAILER  TEST  RIG  AND  SHROUD  ASSEMBLY  WITH 
TWO  (2)  HH— 5. 25-6-7  PULSE  REACTOR  COMRURTORR  TNSTAIJ-iKn 


FIGURE  6k i  FORWARD  SPEED  TESTS  ON  RUNWAY  AT  MOFFETT  FIELD  N.A.S, 

WITH  DUAL  SHROUDED  PULSE  REACTOR  ENGINES  IN  SHROUD  PACKAGE 
LARGE  ENOUGH  FOR  LATER  TESTING  WITH  SIX  COMBUSTORS 
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71GUBS  85:  COWPmSOH  OP  SHROOm  AID  TmSHRCRIDED  DUAL  PDISS  REACTOR 
ENGIBE  FEBFCfflKAHCE  OH  TRAILER  TEST  BIG 


FIGURE  86:  PUI5E  REi^CTOR  IRAILER  TEST  RIO  WITH  SHROUDED  ENGINES 

POSITIONED  15°  UP 
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FIGURE  90  j  TAILPIPE  SECTIONS  STIFFENED  BY  R01J.ED-IN  CORRUGATIONS 


FIGURE  91 J  TESTING  OF  COURUOATION  STIFFENED 

TAILPIPE  SECTION  ON  HH(5.25")  COMBUSTOR 


1700°F 


1800°F 


FIGURE  93 1  SHELL  TEMPERATURE  DISTRIBUTION  HH(5i.25")-5  (•1-30  pph  FUEL  FLOW) 


PULSX  RXACTOR  COMBUSTOR  TUBUUR  TUAN  SECTION 
PiaURB  c’i'. 


FIGURE  95:  PHOTO  OF  ENGINE  CRACK  IN  HH-5. 25-6-7  STAINLESS  Sl'EEL 
(0.050"  TYPE  321)  NO.  1  COMBUSTOR  AFTER  16  HOURS  OF 
OPERATION.  FIELD  REPAIR  WAS  MADE  AND  ENGINE  PERFORM¬ 
ANCE  RESTORED. 


FIGURE  97 t  ASSEMBLY  JIG  FOR  180°  5.25-7  COMBUSTOR 


FIGURE  98:  5.25-7  COMBUSTOR  MOUNTED  IN  ASSEMBLY  JIG 
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FlOUlffi  100;  LIQHTWEIOHT  220*^  PilNO-STIFFEMED  COMBUSTOR  TURN  SECTION 
MANIFACTURED  BY  TYOE  ENGR.  CO.,  0.017”  THICK  MATERIAL 
HAYNES  25  (L-605);  VffilOHT  2.55  lb. 
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FIGURE  101;  CCMPIiETFJ)  LIGHIWEIGHl'  HH(5.25")-7  C(HBUSTCIi  OF  0.01?"  THICK 
HAY1IE3  25  MATERIAL 


FIGURE  102;  UNCOATED  LIGHTWEIOm  COMBUSTOR  ON  STATIC  TEST  STAND, 

USING  RUBBER  LORD-TYPE  SHCCK  MOUNTS 


FIGURE  103;  SOLARAMIC  COATED  LIGHTWEIGHT  HH(^.2^")-7  COMBUSTOR  OPERATING  ON  STATIC 
TEST  STAND,  USING  ROBINSON-TYPE  SHOCK  MOUNTS  WITH  ATTACHMENTS  THAT 


FIGURE  lOU:  OBLIQUE  VIEW  OF  IMPROVED  COMBUSTOR  SUPPORT  MECHANISM 


FIGURE  105:  AXIAL  VIEW  OF  IMPROVED  COMBUSTOR  SUPPORT  MECHANISM.  JOINTED  ATTACH  ARM 
ON  COMBUSTOR  PERMITS  DIFFERENTIAL  MOTION  BETWEEN  TAILPIPE  AND  INLET 


FIOORE  106;  LIGHTWEIGHT  HH(^.2^")-7  PGLSE  REACTORS  INSTALLED  IN  SHROUD  ON  TRAILER 
TEST  RIG  FOR  50-HR  EXPLORATORY  DURABILITY  TEST  PROGRAM 


FIGURE  107;  CLOSEUP  OF  INSTALLATION  OF  LIGHTWEIGHT  HH(5.25")-7  BWGINEB 


FIGURE  108:  FAULTY  BRAZED  JOINT  IN  UNCOATED  LIGHTWEXQHT  HH(i5.25'')-7  CCHBUSTOR 


FIGURE  109:  TYPICAL  FATIGUE  CRACK  DEVELOPING  BENEATH  I3RAZED-0N  STIFFENING  PJNO 
ON  LIGHTWEIGHT  HH(5.25")-7  COMBUSTOR 


FIGURE  llOj  SMALL  FATIOUE  CRACK  DEVBLOHINQ  AROUKU  SPARK  PLUG  BOSS  OF  IfNCOATED 
COMBUSTOR 


FIGURE  IJii  CJKCUMKW'.KNTIAI.  KATIGUK  CRACK  AT  JUNGTURH:  OF  INI, FT  TURK  AIR;  GUMDUSTION 
CIIAMUKR  OF  GKRAMJG  CoATKO  LIOUTWKICIIT  lIlKi;. CL;")-7  COMBUSTOR 


PULSE  REACTOR  50  HOUR  DURABILITY  TEST 

HH-5.25-7  ENGINE  No. 2  (CERAMIC  COATED) 

(SOLAR  6100) 


[T]  (Fig.  109) 
HI  (Fig.  109) 

{2~|  (Fig.  109) 

(Fig.  109) 


MATEHIAL  TYPE;  HAYNES  25 

MATERIAL  THICKNESS;  .010 

HIGH  TEMPERATURE  BRAZE  "COAST  62" 

NOTE;  THIS  ENGINE  DID  NOT  REQUIRE 

ANY  REPLACEMENT  SECTIONS,  ALL 
REPAIRS  WERE  MINOR. 


FAILURE 

NUMBER 

TIME 

HOURS 

TYPE  OF  FAILURE 

1 

lU.OO 

CONSISTENT  CRACKS  OF  LESS  THAN  1" 

IDNG 

2 

21,00 

CONSISTENT  CRACKS  OF  LESS  THAN  1/2" 
LONG 

3 

2)4.25 

1 

SMALL  CRACKS  AND  SLIGHT  ELBOW  BUlOE 

AT  RING  LOCATION 

» 

CO 

SMALL  CRACKS,  WITH  DEFORMATION  OF 

ELBOW  AT  RING  LOCATION 

FIGURE  113;  LIGHTWEIGIiT  HH>‘j.25-7  PUIiSE  RK/'CTOR  SHELL  (CERAMIC  COATED) 
SHOWING  IjOCATICN,  TIME  AND  DESCRIPTION  OF  KEY  REPAIPtS  , 


PULSE  REACTOR  50  HOUR  DURABILITY  TEST 

HH-5.25-7  ENGINE  No.1  (NOT  COATED) 


I  4  I  Replacement 

} - 3  Replacement 

{I# 


0 


P  I  (Like  Fig.  108) 


KiATERIAL  TYPE*  HAYNES  25 

MATERIAL  THICKNESSt  .018 

HIGH  TEMPERATURE  BRAZE  “COAST  62'» 


FAILURE 

NO. 

TIME 

HOURS 

TYPE  OF  FAILURE 

1 

.25 

SEPARATION  AT  BRAZED  JOINT 

2 

.75 

CONSISTENT  SEPAIUTION  AT  BRAZED  JOINT. 
REPLACEMENT  OF  SECTION  REQUIRED. 

3 

37.00 

CONSISTENT  CIUCKS  AND  REWELDS, REQUIRED. 
REPLACEMENT  OF  SECTION  REQUIRED, 

U 

ki.oo 

CONSISTENT  CRACKS  AND  REVffiLDS  REQUIRED, 
REFLAGE?-TENT  OF  SECTION  REQUIRED. 

FIGURE  llU:  LIGHTWEIGHT  HH-5.25-7  PULSE  REACTOR  SHELL  (UNCOATED )  SHOWING 
LOCATION,  TIME  AUD  DESCRIPTION  OF  MAJOR  REPAIRS, 


PULSE  REACTOR  50  HOUR  DURABILITY  TEST 

HH-5.25-7  ENGINE  No. 2  (CERAMIC  COATED) 

(SOLAR  6100) 


FIGURE  115:  LIGHTWEIGHT  HH-5.25-7  PUI5E  REi'.CTOR  (CERAMIC  COATED) 
SHOWING  THE  COMPLETE  HISTORY  OF  LOCATION  AND  TIME  IN 
HOURS  OF  ENGINE  SHELL  REPAIRS  INCLUDING  INCIPIENT  CRACKS. 


PULSE  REACTOR  50  HOUR  DURABILITY  TEST 

HH- 5.25-7  ENGINE  No.l  (  NOT  COATED  ) 


(Fig.  109) 


FIGUTIE  116s  LTOHT'//EFJHT  PULSF,  F{R/'CT0n  (UNCCj/iTED)  .GilOWTNO 

'IHK  COMPLETE  HISTOflY  OF  lOCATIon  AMD  TIME  TN  HOURS  OF 
ENGINE  SHELL  REP/' ]i(S  INCLUDINO  INCIPIENT  CRACKS 


TYPES  CP  FUEL  USED 


THRUST, 

FIGURE  118;  AVERA.GE  T3IPERATURE  RSWDING  AT  AUC2fflNTER  OUTLETS 


ENGINE  THRUST,  pounds 

AVERAGE  PRESSURE  READINGS  TAKEN  AT  AUGMENTER  OUTLETS 


Hfi(5-25'*)-7  Ihial  Pulse  Reactor  Engines  Mounted  in  Trailer  Test  Pod 


•• 


O^H 


seiiouT  "annssaad  isnvm 


.e  Pulse  Reactor  Engine  Model 
Mounted  on  Static  Test  Stand 


FUEL  FLOW,  pounds  per  hour 

REACTOR  ENGINE  PERFORMANCE  AT  END  OF  50-HGUR  DURABILITY  TEST  RUN 


fuel  flow,  pounds  per  hour 

REACTOR  ENGINES  AFTER  50-HOUR  DURABILITY  TEST,  WITHOUT  AUGMENTSR5 


Test  Ref.  u-li-63 
Temperature  68 °F 
Barometric  Press.  30.22 


FUEL  FLOW,  pounds  per  hour 

FIGURE  127:  HH(5.25'‘)-7  PULSE  REACTOR  COMBUSTOR  l-THH  (3)  FUEL  NOZZLES  (NO  AUGMENTERS) 


Best  Operating  Engine  Best  Dual  Engine  Data  Engine  Data 

’'U"-Shaped  Config.  ’'U'*-Shaped  Config.  (90°  Configuration 

(Single  Engine  Data) 

Comb.  Comb.  +  2  Combs.  2  Combs  +  Comb.  Conib 

Aug .  Aug ' s .  Aug . 
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90  SINGLE  COMBUSTOR 


T  *  86  lb 
T/V  ■=  121,. 

Tsfc  =  2,0 

(Ref.)  Figures -35,32  ft  31 
HH  5.25-6-7 


2  90°  SINGLE  PULSE  REACTOR 

nj. 


T  «  1U7  lb 
t/v  ■=  76 
Tsfc.=  .67 
(Ref. )  Figure-  57 
HH5. 25-5-2 


a 


COMBUSTOR 

T  -  76  lb 

t/v  >=  122 
Tsfc  =  1.7 
(Ref.)  Figure 

IIH  5.25-7 


127 


180°  SINGLE  PULSE  REACTOR 


T  -  126  lb 

t/v  *--72 

Tsfc  ”  1.0 

(Ref.)  Figure  6h 

(No,  2  only) 

hh5. 25-5-2 


90°  DUAL  COMBUSTORS 


90°  DUAL  COMBUSTORS 


(see  1  preceding) 

HH5.25-5-2 


(see  1  preceding) 
HH5.25-5-2 


11"  ft  IL" 

Tested  without 
performance  loss 


11"  ft.  Ill" 

Tested  without 
performance  loss 


FIGURE  229a:  best  pulse  REACTOR  PERFOMANCE  'VITH  SKETCHES  SHC'NIMG  VARIOUS 
CONFIGURA.TIONS  .fiND  COMBINATIONS 


I80“  SINGLE  COMBUSTOR 


EFFECT  OF  TURN  RADIUS 


T  ■  76  lb 
T/V  -  122 
Tsfc  ■  1,7 


(Ref.)  Figures  96(2),  102 


HH  >,25-7 


&  127 


Minimum  radius  without 
performance  loss 

T  -  76  lb 
li  -9.25"  T/V-  122 

Tafc  ■  1.7 

(Ref.)  Klgurei 

HH5,25-7 


Minimum  spacing  without 
jJerformanco  lossjs*  11" 


127 


BEST  DUAL 
COMBINATION  TO 
DATE  (UNAUOMENTED) 


(Ref.  )  Figure  63 
HH5. 25-5-2 


BEST  DUAL  COMBINATION  TO  DATE 


T  -  252  lb, 

T/V  -  72 
Tsfo  ■  1,0 
(Ref.)  Figure  6i< 
HH5,25-5-2 


V) 


FIGURE  129b  I  BEST  PULSE  REACTOR  PERFORMANCE  '/ITH  SKETCHES  SHO'(«NQ 
VARIOUS  CONFIGURATIONS  AND  COMBINATIONS 


BEST  DUAL  COI-HilNATrON  TO  DATE  FROM 
SEPARATE  COMPONENT  TESTS 


REST  PACKAGE  COMBINATION 
f  ^  TO  DATE<^ 


T  -  30l|  lb 
T/V  -  116.0 


Tsfc  -  .87 

(Ref.)  Figures 
$6f6}f6U  and  127 


T  -  252  lb 
T/V  •  17.0 
Tsfc  -  1.07 

(Ref.)  Figure  61^ 
‘’’’Also  see  Figure  85 


BEST  CaMPOSITE 
P/iCK/OE  COMBINATION 
TO  Date 


PERFOi?KA,NCE  TARGET  PROPOSED 


T  -  292  lb 
T/V  ■  20,0 
Tsfc  -  .87 

(Ref.)  Figures  57. 
63>  85  and  127 


T  •  300  lb 
T/V  •  IjO.O 
Tflfo  -  ,65 

(Ref*)  See  propoeal 
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UF.ST  PUI.SE  H'a'.TUh  I'niFtHflAUCF  WITH  SKETCMfS  SH(«1H0 
VARIOUS  CXjNFK'il'ItATIoNS  AM;  (X;MHINATIONS 


APPENDIX  I 


ORDER  No  30  694  E 


CONTRACT  No  0226  -  C 


TEST  REPORT  ON 

NEW  TYPES  OF  PULSE-REACTORS  DEVELOPED 
FOR  HILLER  AIRCRAFT  CORPORATION 


h9  Ch0f  d«  Ddpart«n0nt  EP 
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0.  STJMtWJir 


The  object  of  the  contract  No.  0226-c  was  to  compare  the  relative 
qualities  of  new  typesof  pulse-reactors  for  lift  purposes. 

Within  the  scope  of  the  agreement,  a  special  test-bed  adapted  to 
the  particular  shapes  of  the  machines  to  be  tested  was  built  at  the 
Saclay  Villeras  Propulsion  test  center. 

A  large  number  of  rigs  were  studied  and  built. 

Ihese  rigs  enabled  to  carry  out  tests  on  97  versions  of  pulse-reactors 
up  to  July  l5^^,  1962. 

The  total  operating  time  amounted  to  16  hours  20  minutes  at  that 
very  date. 

The  most  interesting  configurations  were  obtained  from  combustion 
chambers  of  the  No  1  and  3  types  (see  drawing). 

Tests  enabled  to  draw  important  conclusions  on  the  shapes  of  these 
new  pulse- jets  and  can  also  lead  to  new  shapes  of  thrust  augmenters. 

A  program  was  set  up  for  later  developments. 


3 


!•  DESCRIPTION  OF  THE  TEST-BED 


The  test-bed  was  set  up  at  the  Saclay-Villeras  Propulsion  test 
center  (Seine-’et-Oise)  o 

It  is  hung  on  steel  blades. 

The  hanging  mobile  part  is  constituted  by  a  rectangular  parallele¬ 
piped  made  of  3<>500  mm  long  and  1,2^0  mm  wide  perforated  L  -exten¬ 
sions,  displacement  being  perpendicular  to  the  longest  side. 

According  to  the  shape  and  dimensions  of  the  tested  pulse-reactor, 
it  is  mounted  either  on  the  top  or  overhanging  at  the  rear  of  the 
rig  with  rubber  dampers.  In  the  last  case,  the  rig-pulse-reactor 
must  be  balanced  by  a  counter-weight. 

Thrust  is  measured  by  two  separate  dynamometers  fitted  one  behind 
the  other: 

-  a  ’’BALDWIN**  capsule  where  thrust  is  read  on  a 
’’BRCWN”  recorder 

•'  a  hydraulic  capsule  connected  to  a  manometer 
The  fixed  point  of  the  dynamometers  is  constituted  by  a  rigid  U-ehape 
iron  rig,  also  supporting  the  calibration  scale. 

Fuel  feeding  is  ensured  by  a  gear  puiT*p  fod  i»y  a  loaded  tank,  in¬ 
jection  pressure  being  set  by  a  by Fuel  consumption  is  measured 
through  twc»  gauging  vaso;/’^  fitted  one  behind  the  othej ,  having  re- 
spec  tJvc'ly  a  o.'pacity  oi  dm3  and  dm3, 

Startiiig  coinj)rosseJ  air,  geriofuted  by  a  compressor  and  kot>t  in  a  tank, 
ici  lead  ti-  y>ulsrj  roacto/'  air  inlets  by  ojio  or  several  I’lxed  all 
nc'Z/iles . 

lgfiltj<)n  is  (uisurcd  by  an  ei^;c  irdcal  ly  di  i  vei»  uMEbMA  1)4  H  erigin** 
magru'to,  running  at  lli^  0  H  1'  M- 


li 

FI ow[i|f  t.ej' 


2 .  DESCRIPTION  OF  UNITS 

2<,1  Combustion  Chamber 

Ten  combUvStion  chambers  of  k  distinct  types  were  built o 

2ulal  Five  combustion  chambers  of  the  No,  1  type  respectively 
designated  by  symbols  1,  Ibis^,  1  ter,  1  quater. 

Two  combustion  chambers  1  ter  were  built,  the  first 
one  having  been  damaged  during  tests. 

Chamber  1  quater  has  not  been  tested  yet  due  to  the 
interruption  of  the  work. 

Respective  volumes  of  these  chambers  are  as  follows; 

Chamber  No,  1  V  26,9  drri3  (0,95  cub  ft) 

Chamber  1  bis  V  ^  2i4,ii  dm3  (0,86  cub  ft) 

Chamber  1  ter  V  40,5  dm3  (1^43  cub  ft) 

Chamber  1  quater  V  27  dm3  (0,95  cub  ft) 

2.1.2  Two  chambers  No,  2 

Chamber  No.  2  v  ^  25  dm3  (0,68l  cub  ft) 

Chamber  No,  2  bis  31,8  dm3  (1,12  cub  ft  ) 

2.1.3  Tv/o  chambers  No,  3 

Chamber  No,  3  V  '■  l6,6  duj  (0,586  cub  ft) 

Chamber  No.  3 bis  V  30,5  dm3  (1,076  cub  i‘t) 

2,1*4  1  chamber  No,  ii 

Chamber  No,  U  V  29,3  dm3  (1,034  cub  ft) 

2 , 2  Exhaust  No>.zle:-» 

Seven  pairs  oi‘  exhaust  W'j/’e  built: 

2,2„1  Tfiree  of  90  ,  eonstunt  urea,  eJbowed  exba'i:>t 


TjO/z/Jes  bav'ihg  r*'.' jyi‘ '0  r  i  ve*  iy  a  dl'i/fK-tco  of  l^’O,  DjO  and 
100  ifim  3,5  and  O,/,  irrdrv;) 


2.2.2  Two  pairs  of  multi-exhaust  nozzles  of  the  No.  1  type 
Two  exhaust  nozzles  No.  1  comprising  seven  50  mm  dia¬ 
meter  pipes  (1.9?  inches) 

Volume”  13,5  dm3  (0,ii76  cub  ft) 

Two  exhaust  nozzles  No.  1  bis  comprising  seven  60  mm 
diameter  pipes,  the  connecting  angle  of  which  is  dif" 
ferent  from  the  previous  ones,  (2,36  inches) 

Volume;  16,5  dm3  (0,582  cub  ft) 

2.2.3  I  pair  of  exhaust  nozzles  No.  2 
Helmoltz  resonator  type 

Volume-:  31,8  dm3  (1,122  cub  ft) 

?,2.‘U  I  pair  oi'  exhaust  nozzles  No.  3 

Constant  area  elbowed  ..'.xhaust  rioz/,lft;-i  whicti  are  connected 
to  a  cylindroconic  capacity. 

Voluir.e:  17,1*  dm3  (0,6li*  cub  ft) 

2„3  Intermediate  Nozzles 


Seven  pair.,  of  1  ri'^ormediate  nozzles  were  buiitj  their  character- 
ifilicfj  are  as  lollows: 
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2 ok  Air  Inlet 


Machined  light  alloy  bell  mouths  were  fitted  on  the  air  inlets 

of  all  combustion  chambers o 

Type  No.  1  combustion  chambers  were  successively  equipped  with 

straight  and  90^  elbowed  air  inlets. 

2*5  Fuel  Nozd  es  and  Supports 

Three  types  of  fuel  nozzles  were  used  during  testa. 

2.5.1  8  mm  external  diameter  type  G  nozzles,  comprising  two 
tangential  feeding  holes  of  9  mrri  diameter  and  an  ex¬ 
haust  outlet  of  lo6  mm  diameter.  These  nozzles  are  of 
the  vortex  type« 

?.5»2  10  mm  exteri'i?.!  diameter  type  G  nozzles,  comprising  two 

tangential  feeding  h^des  of  1  mm  diameter  and  an  exhaust 
outlet  of  2  ok  mm  diameter.  These  nozzles  are  of  the 
vortex  type, 

2.5.3  9  mm  external  diameter  radial  nozzles  comprising  on  ad¬ 

justable  slit,  fuel  being  sprayed  under  the  form  of  a 
veiy  thiji  mist. 

2. 5*^4  Various  conf'lguratloris  of  nozzle  supports  wore  built  ac¬ 
cording  tu  th^  selected  location  iu  the  combustion  chamber# 

2 . 6  Mar)'cf‘ac tu r* ing  Methods 

2.6.1  Combur:  ti  on  chamber ;; ,  1  n termed ]  atu  nozzl  es  and  outl ets 
were  rnado  of  .ctal/iloss  stool  (1.2  mm  and  1#5  mm  thick). 
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TEST  METHODS 


3.1  Each  test  was  preceded  with  and  followed  by  calibration  of  the 
two  thrust  measuring  devices  through  the  scale  connected  to  the 
test  bed.  Calibration  curves  were  succesriively  set  up  with  in¬ 
creasing  then  decreasing  loads. 

The  arithmetic  average  of  indications  recorded  on  the  two  moan- 
uring  devices  was  selected  as  the  thrust  measure. 

Discrepancy  between  thrust  recorded  by  the  ^^BALDWIN**  and  the 
hydraulic  measuring  device  never  exceeds 

Measures  were  performed  under  steady  conditions,  i.o.,  constant 
injection  pressure  and  steady  thermal  state  of  the  pulso-roactor . 

Starting  maximum  thrust  generally  exceeds  by  8  or  10%  approx¬ 
imately  the  steady  thrust  taken  1n1o  con.siderablon . 

"1, 2  Fuel  mass  flows  were  measured  by  consumption  timing  of  the  gaug- 
ing  vases  ,  computation  of  the  weight  mans  flow  being  bused  on 
the  density  racaLiured  by  a  floot  denaimeterf 

Ordinary  j’uel  was  used.  I/>'rlng  tests,  fue]  deruilty  varied  be¬ 
tween  extreme  I'lrriH:;  oi'  0,730  kg/cimj  and  0,7ij?  kg/dm3- 

3-3  Easy  siarilng  and  .‘iteady  (nj'Tatlon  weT"  firsi.  appre-c;  1  att-d  Tor 
each  e on f'lgiira t ion , 

For  eaeli  steady  contlgural  lor,,  J  jm]  fat  jons  ol  poor  and  ox- 

tlnelions  were*  byokr-d  lor  and  tlij  ijfii  and  fuei  eonsunif^ IJo/j  we-re 
meusuredp 

Worthw^ille  co/irijej/ atlons  wss.*  suniNl  i  tcU  t  ^  conv^sii  1  onaj  adJuMt- 
n  t  (yf  al ;  In  b  t  i*ng  '.e;i . 

H 

I'  )  owTJ)ff  1  f!r  Ji 


\ 


For  the  boat  corif iguratlona,  Influence  of  the  type  and  loca¬ 
tion  of  the  fuel  nozzlea  wan  studied. 

While  changing  the  type  of  fuel  nozzles  remains  a  rather  simple 
and  quick  oj)eratlon,  nhlftlng  them  requires  a  largo  amount  of 
work  (drilling  of  new  holes  in  the  combuHtton  chamber,  blanking 
of  previous  ones  and  welding  of  nozzlo  support  attachments  in 
their  new  location).  Since  No.  1  typo  ciiumbors  comprifiod  G  fuel 
nozzles,  number  of  position.'!  te.5tod  had  to  be  limited  and  it 
1:  very  doubtful  that  the  optimum  position  in  determined  yet. 


As  a  matter  of  fact,  the  direction  of  the  wind  during 
starting  seems  to  affect  the  direction  of  such  dis¬ 
symmetry. 

I4.I.2  In  fact,  all  perfectly  steady  and  easy  to  start  pulse- 

reactors  were  fitted  with  type  No.  1,  type  No.  3  bis  and 
type  No.  ij  combustion  chambers. 

it.  2  Performance 


Performance  results  of  No,  1  type  combustion  chamber  pulse- 
reactor  are  limited  to  the  thrust  developed  by  the  exhaust 
nozzles  for  the  following  reasons*: 

]i,2.1  During  first  90^  elbowed  air  inlets  were  fitted  to 

these  pulse-reactors,  In  this  case,  measured  thrust  re*- 
preeented  the  sum  of  the  exhaust  nozzl,^  thrust  and  the 
thrust  corresponding  to  the  momnntuirj  eicctnd  from  the 
air  inlets  during  backflow  following  the  combustion^ 

Then  the  same  pulse*  i  eactor  was  tested  with  straight  air 
Inlets.  Ill  tnis  case,  the  momentuni  ejected  from  the  air 
in  Jots  Is  in  a  plane  porpondicujrir  to  the  direction  of 
thio  noz/Je  cpthaust  and  Ujo  thrust  of  the  nozzles  is  only 
r^'co;  df.d 

It  w't;;  rr/tcJ  that  t/r-  th:tj;:t  ol  th«..'  ii-  zzles  alone  iii  tlio 
con !*  1  gu rat  P 'h  v/i  tn  struiigh'.  iril^-ts  wa:i  higher  01  at  ieast 
e’Cjual  to  th‘‘  total  tJir  wi  Mi  oJbowe-J  ali  iniots. 

TJu  ust.i  oJ  ho/'/.l*'.,  alone  h/iv  heeri  C' ^riif^ared  wltii  str  aight 
all  irih'ts  l^y  ret^ating  the;  t'omiMJst  J  01,  chamboj’  oj  yo  ,  the 
uiijowerj  n-'Z/,M*'>  i/ei/ig  dll'*'  teJ  *. o  tf!<-  to|<  a  I  '/.i  of  Uie 
1.  ZZ  OJ  tin  u;!l  djj  e  ti  \i 


TJ)e  t  'j.iu  1 1.  oj  nu'  I.  trji  \ :)  shuwf  Uj  Jraw  1  tig 


It  is  clearly  shown  that  for  the  same  fuel  mass  flow, 
the  thrust  of  the  nozzles  is  much  higher  with  thrust  air 
inlets  than  with  elbowed  air  inlets « 

Further,  with  the  elbowed  inlets,  rich  extinction  pre-* 
maturely  occurs  as  a  result  of  defective  filling  of  the 
combustion  chamber  during  the  rarefaction  phase. 

It  can  be  concluded  that  the  constant  area  elbowed  air 
inlet  is  the  cause  of  important  Icso  and  must  be  given 
up  for  the  benefit  of  either  specially  studied  elbows,  or 
more  probably,  elbowed  thrust  augmenters. 

U.2.2  Performances  of  pulse-reactors  with  NOo  1  Type  combustion 
chamber  are  shown  on  drawings  6-’!^  to  6-9 « 

Drawings  and  6-5  concern  pulse-reactors  with  No*  Ibis 
type  chamber;  drawings  6,6  and  6,7,  pulse-reactors  with 
No,  1  ter  type  chamber;,  drawings  6 <>8  and  6,9  represent 
thrusts  per  unit  of  volurr.e  respectively  for  pulse-reactors 
with  cliambers  1  bis  and  1  ter. 

In  every  instance,  considered  thrust  is  the  thrust  of 
nozzles  alone,  air  inlets  thrust  not  included ,  It  seems 
that  chamber  1  bis  is  largely  superior  to  chamber  1  ter* 

The  increase  of  thrus.t  per  lUiit  of  vo'iume  can  be  explained 
by  similarity  ]aw;3^  V^ut  discref^mey  of  :;pec!fic  fuel  con- 
sumption  seem;,  to  be  due  to  an  indisputaV^le  spj'Cific  supei  lor- 

For  instance  ,  irt  the  bo.-pt  r  os  pec  1 1  w*'.  conf  igurati  ons  a 
thrust  of  \x9  jb)  is  ol.jtajned  with  a  t'-oll  flow  of 

Ilfs  Hg/ri  l9if/  Jf/hj  hy  the  k-u-  Ioj  with  ch'i/ni>e;  ]  ter 

iL^i U  '  J  y  V  / ' ^  ^  '  ]  ! ' S  C  V/  i  ^  *'  ’J  *  ^ '  i  ' ; 


It.2«3  Various  considerations  resulting  from  the  previous  tests 
have  been  the  cause  of  drawing  chamber  I  quater  which  is 
believed  to  be  superior  to  chamber  1  bis^  Such  chamber 
has  not  been  tested  yeto 

i|.3  Drawing  6-10  represents  unsatisfactory  results  obtained  with 
other  types  of  pulse-reactors « 

On  this  drawing,  shown  thrusts  are  total  thrusts,  exhaust  nozzle 
thrust  plus  air  inlet  thrust,  which  could  be  directly  measured 
for  pulse-reactors  with  chambers  2  bis,  3  bis  and  ho 

As  regards  chamber  Noo  1,  it  was  fitted  with  elbowed  air  inlets 
and  it  has  been  explained  above  that  ttie  consequences  of  this 
configuration  were  very  uiifavorabieo 

kmh  Drawing  6-11  shows  the  influence  oJ.  the  support  type  and  of  the 
location  of  the  fuel  noz^/ie  in  the  chamber.  It  is  clear  that  the 
influence  of  the  oupport  typo  is  almost  negligible  in  comparison 
with  the  large  influence  of  the  change  of  location. 

/is  it  has  already  been  pointed  out,  it  is  doubtful  that  the  optimum 
location  has  been  found  during  these  tests« 

'Succinct  tests  have  finally  beeii  performed  to  measure  total  thrust 
of  No.  i  type  engines. 

Because  of  their  shortness^  no  finai  conf^iusion  can  be  presented  yet. 

It  seem,  that  the  impuh'c  whies  could  b‘e  used  on  air  irnets  is 
about  two- third.;  oj  t[je  imjjjise  oj  the  oxruoist  rrzzles,  thi"  est^ma 
t^on  IS  ir*  acccidariLe  ^  i  th  the  resu’ts  ineo.sijn^d  on  the  other  types 
of  f^ulse  rear  loi  :: 

Tfj  the-  straight  an  irdet  coni' jguraljor],  lota,  thrust  can  t>e  moa..- 
urccJ  urfiy  wj  th  elbowed  lh;ust  augmf'nt.rtr.. .  i  < c  ,  measured  thrust 


would  be  the  thrust  with  dilution  on  air  inlets. 


Elbowed  thrust  augmenters  have  been  produced;  it  was  not 
possible,  due  to  the  allowed  credits,  to  adjust,  even 
succ inc  tly ,  such  augmenters , 

However,  it  has  been  clear  that  the  elbowed  augmenters  with 
area  regularly  increasing  from  upstream  to  downstream  could  be 
favorably  replaced  by  augmenters  having  a  cylindrical  upstream 
part  and  an  elbow  with  a  regularly  increasing  elbow  area. 

But  this  conclusion  remains  dubious  because  of  the  too  small 
number  of  tests c 


5.  CONCLUSIONS 


From  tests  performed  on  97  different  configurations  of  pulse-reactors, 
the  following  conclusions  can  be  made: 

^.1  Type  No.  1  combustion  chambers  are  superior  to  all  the  other 

ones,  as  well  as  for  starting  easiness,  as  for  operation  stead¬ 
iness  and  level  of  performances. 

?>.1.1  As  regards  Type  1,  chamber  1  bis  has  been  found  the 
most  satisfactory  as  for  the  level  of  performance. 

5.1.2  For  a  constant  volume,  an  increase  of  the  diameter 
to  the  detriment  of  the  length  has  always  produced, 
within  the  tested  limits,  an  improvement  of  performance. 

5.1e3  Amc^ng  the  other  types  of  tested  combustion  chambers, 

only  chamber  No.  3  bis  seems  capable  to  reach  a  satis¬ 
factory  level  ol  performance. 

However,  this  chamber  has  the  disadvantage  to  have  a 
complex  technology  and  a  dubious  life  time;  it  has  been 
damaged  several  times  in  spite  of  rather  short  operations. 

5.1.i|  It  is  advisable  to  give  up  all  the  other  types  of  tested 
combustion  charaber  for  No.  1  type  chambers « 

As  regards  this  type,  cnamber  No.  1  bis  is  the  best, 
but  chamber  No.  1  quater  is  deemed  to  be  superior. 

5«1.5  No.  1  Type  exhaust  nczzlos  (multi-pipe  exhaust)  are  super¬ 
ior  to  constant  area  simple  elbows  and  still  can  be  im¬ 
proved.  Tested  Heimolts  resonalor  Type  exhausts  operated 
correctly  and  gave  a  thrust  rather  equal  to  the  thrust  of 
muiti-’pipe  exhausts 

1 


However,  their  performance  is  not  as  good  as  regcirds 
the  thrust  per  unit  of  volume o  The  highest  thrusts 
have  been  obtained  witn  elbows  connected  with  a  large 
volume  capacity  because  of  the  back-flow. 

5* 1.6  The  fuel  nozzle  location  is  very  important.  .Small  changes 
of  location  are  the  cause  of  enormous  performance  varia¬ 
tions* 

Unfortunately,  tests  to  determine  the  best  location  are 
very  diificult  to  pei-iorm* 

5o1*7  It  seems  necessary  to  use  on  No.  1  type  pulse-reactors 

straight  air  itnlets.  The  best  method  to  use  the  impulse 
of  these  air  inlets  is  not  clear  yeto 

Elbowed  thrust  augmenters  seem  to  present  the  most  favor¬ 
able  solution. 

5.2  Work  schedule  for  the  continuation  of  the  development  could  be 
as  follows: 

5. 2.1  Test  of  chamber  1  quater. 

5.2.2  Location  of  the  best  position  of  fuel  nozzles. 

502.3  Study  on  utilization  of  impulse  of  straight  air  inlets 
through  elbowed  thrust  augmenters. 

5o2ol|  Improvement  of  multi-pipe  exhaust. 

5o2«5  Study  of  augmenters  on  multi-pipe  exhausts- 
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